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Abstract 
Due to the growing concerns about the harmful emissions (e.g. particulates, SOx, NOx) from 
burning traditional fossil fuels such as coal and oil, a cleaner alternative – natural gas, which 
has a higher calorific value and a lower greenhouse gas (CO2) emission has gained 
prominence in the energy market. Production of natural gas in the past has primarily focused 
on conventional gas reserves. However, recent studies suggest that by recovering natural gas 
in unconventional reservoirs, the life time of global gas supply would double. Coal seam gas 
(or coalbed methane) is a major type of unconventional gas with growing importance, 
forming a significant part of Australia’s gas production. Generation of coal seam gas occurs 
either via thermolysis as coal gains maturity or through syntrophic microbial degradation of 
coal hydrocarbons. The latter provides opportunities for enhancement through imposing a 
stronger microbial action. A great body of research has provided evidence for microbially-
enhanced methane production from coal on both laboratory and pilot scales. However, there 
lacks a consensus on the key coal features that control its bioavailability. The thesis seeks to 
address this problem and then work towards some pretreatment methods that improve coal 
bioavailability and may be applied for potential ex-situ coal to biomethane conversion.    
Bioassays on pulverised coal samples inoculated with anaerobic digester sludge in the 
presence of inorganic nutrients were used to evaluate biomethane potential of coals. 
Petrographic analysis was carried out to investigate the dependence of bioavailability on 
maceral types. To characterise the biodegraded hydrocarbons, organic compositions of raw 
coal and bioassay residue were examined via measuring the change in contents of volatile 
fatty acid (VFA) and total dissolved carbon (DOC) and further through solvent extraction and 
GC-MS analysis.  
In terms of methane production a maximum 33 μmol/g (0.838 m3 / tonne coal) of CH4 was 
observed after 30 days of incubation. The bioavailability of coal was found to be most 
strongly related to the content of water-soluble matter (e.g. acetate, alcohols, esters, amines). 
These were completely converted in the bioassays, with experiments indicating that mass-
transfer constrained the rate of conversion in the process. Also of significant influence is the 
abundance of organic solvent-extractable matter, particularly that with a high degree of 
saturation, containing heterogeneous functional moieties such as hydroxyl and carboxyl 
groups, and ester, ether and carbon-nitrogen bonds. The amount of solvent-extractable matter 
was found to depend on the content of liptinite, especially suberinite, sporinite and 
lipdodetrinite.  
In-situ microbial activity may produce bioavailable intermediates via hydrocarbon 
degradation on one hand, and deplete the bioavailability of coal on the other hand if the 
community is robust and time is sufficient. Bceause many of the smaller hydrocarbons are 
easily biodegradable, porous vitrinite macerals, such as telinite are thought to be crucial for 
preservation of the ‘mobile’ hydrocarbons, which adsorb into pores too small to allow 
microorganisms to access them. Environmental factors such as coal seam exposure to 
microbe-carrying ground water may also affect laboratory interpretation of coal 
bioavailability.  
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Oxidation of a subbituminous Walloon coal with H2O2 solution (39.6 mmol/g coal) for 30 
days led to a 10-fold increase in methane yield (~5.68 m
3
/tonne coal), a result due largely to 
an enhanced solubilisation of coal with concentrations of acetate and dissolved DOC surging 
by 22.3 and 28.2 times, respectively. The pretreatment also increased the overall 
bioconversion of solvent-extractable matter by 29.5%, contributed both by formation of new 
bioavailable oxygenated compounds and enrichment of existing compounds containing 
heterogeneous functional groups. The same oxidation pretreatment failed to be effective on a 
medium-volatile bituminous coal, suggesting a possible recalcitrance of high rank coal to 
oxidative pretreatment.  
Aerobic microbial degradation of the same subbituminous Walloon coal preceding anaerobic 
digestion of the pretreatment product has doubled biomethane production (~1.95m
3
/tonne). 
GC-MS analysis of the solvent-extractable matter revealed that compounds with 
heterogeneous functional moieties, again, demonstrated the greatest shift in content after 
pretreatment. This was accompanied by a significantly higher conversion of n-alkanes and 
polycyclic hydrocarbons and a greater number of OTUs in the aerobic reactor than the 
anaerobic, and an abundance of hydrocarbon degraders with ability to produce extracellular 
enzymes in the aerobic culture (e.g. γ-Proteobacteria, Actinobacteria, and Bacteroidetes), 
leading to propositions that the enhancement in coal bioavailability was due to: 1) aerobic 
microbial conversion of recalcitrant hydrocarbons to bioavailable intermediates; 2) 
conversion of hydrocarbons to biomass during pretreatment that was subsequently used as a 
carbon source for methanogenesis; and 3) formation of smaller bioavailable molecules via 
extra-cellular enzymatic fragmentation of coal macromolecules. 
While conclusions on coal bioavailability and its controlling factors can be useful in selecting 
appropriate coal seams for microbially-enhanced coalbed methane production, application of 
the pretreatment methods is limited to ex-situ processes (due to potential environmental 
impacts). Coal beneficiation waste may be used as a feed. Further optimisation of the 
methods, along with proper process design and costing need to be conducted in order to fully 
evaluate their feasibility for commercialisation.   
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occur by a higher proportion than aromatics in all samples. (D) Characterisation 
and quantification of compound groups in coal extractable matter. Data combines 
methanol extract and DCM extract. Blue- aliphatic compounds, Red/yellow = 
aromatic compounds. (E) Percentage distribution of compound groups in coal 
extractable matter based on GC-MS peak intensity. Quantification of compounds 
was done by measuring the area under peaks. Summed peak areas of PEN9-003 
20 
 
20 
 
extract (both methanol and DCM) was used as the norm to give normalized peak 
areas in graphs B, C and D. Hydrocarbons in this context refer to not only 
compounds that are made of H and C elements, but also those with heteroatoms-
containing functional groups connected to carbon backbones. Any molecules that 
contain heteroatoms such as O, N, S as a part of a ring structure is classified as a 
heterocyclic compound. Aromatic hydrocarbons (both monocyclic and polycyclic) 
here refer to molecules that have benzene rings connected to aliphatic moieties 
(both cyclic and acyclic) via only sigma bonds. Monocyclic aromatic hydrocarbons 
represent compounds with one or multiple benzene rings connected with each other 
via sigma bonds. Compounds with aromatic units fused to cyclic aliphatic moieties 
are classified as ‘cyclic aliphatic hydrocarbons fused to benzene rings’. Unless 
denoted ‘cyclic’, all compound groups are considered to contain only acyclic 
structures. ............................................................................................................... 110 
Figure 3-11: Quantification of biodegradation extent in compounds groups of coal 
organic extracts. (A) Quantification of compound losses due to biodegradation. The 
values show the difference between the detected GC-MS peak areas of fresh and 
digested samples, normalized with respect to the total peak area of fresh PEN9-003 
coal extract. Data combines methanol extract and DCM extract. (B) Percentage 
contribution of compounds groups to overall bioavailability of individual samples.
................................................................................................................................ 113 
Figure 3-12: Biodegradability of individual compound groups. Values show the 
fractional conversion of particular compound groups in bioassays (based on GC-
MS peak intensity) based on average of the six coals. Error bars represent a 
standard deviation away from the mean values. Groups Acyclic Esters, Acyclic 
Ethers, Acyclic Alcohols, and Acyclic Amines have demonstrated highest 
biodegradability with average conversion higher than 60%. ................................. 114 
Figure 3-13: (A) Comparison between VFA-free methane yield and bio-elimination of 
coal extractable matters. VFA-free methane yield was calculated by subtracting the 
observed methane by the maximum amount of methane producible from VFA-As 
assuming 100% conversion. Normalized elimination was calculated by dividing the 
difference between the summed peak areas of fresh and bioassay residue by that of 
the fresh PEN9-003 coal. (B) Linear regression showing the relation between 
compound elimination and VFA-free methane yield, with an R
2
 value. ............... 114 
Figure 3-14: Linear regression between total peak intensity of organic-solvent-
extractable matter and contents of macerals (A) liptinite group; (B) suberinite in 
four of the six samples. PEN9-029 and PEN9-034 were treated as outliers. Strong 
correlations suggest that the abundance of liptinite, particularly suberinite, is crucial 
for generation of solvent-extractable matter in the samples. Nevertheless, the two 
outliers indicates there are other factors (e.g. gelified vitrinite, exposure to 
groundwater as discussed in Section 4.1) that can affect preservation of the 
extractable matter. .................................................................................................. 117 
21 
 
21 
 
Figure 3-15: Relationship between the intensity of extractable compounds and 
bioeliminated compounds. Values represent total peak intensities normalized with 
respect to that of the fresh PEN9-003 solvent extract............................................ 126 
Figure 4-1: Schematic diagram for production of water samples from pretreatment 
assays for VFA and DOC analysis......................................................................... 133 
Figure 4-2: Change of net methane yield with pretreatment length from bioassays on 
H2O2 oxidized PEN9-003 coals. Solid and liquid solution from pretreatment were 
separated by centrifuge and tested individually in bioassays. A) Samples treated 
with 50% calculated standard H2O2 dosage; (B) Samples treated with 100% 
calculated standard H2O2 dosage; C) Samples treated with 200% calculated 
standard H2O2 dosage. Error bars show one standard deviation from the mean of 
triplicates. The column with treatment length of zero represents the no-oxidant 
control (fraction c Fig. 4-1), the  details of which are described in Section 4.3.2. 136 
Figure 4-3: Change of net methane yield with pretreatment length from bioassays on 
H2O2 oxidized C.D. coals. Solid and liquid solution from pretreatment were 
separated by centrifuge and tested individually in bioassays. A) Samples treated 
with 50% calculated standard H2O2 dosage; (B) Samples treated with 100% 
calculated standard H2O2 dosage; C) Samples treated with 2000% calculated 
standard H2O2 dosage. Error bars show one standard deviation from the mean of 
triplicates. The column with treatment length of zero represents the no-oxidant 
control (fraction c, Fig. 4-1), the details of which are described in Section 4.3.2. 137 
Figure 4-4: Change of acetate concentration with treatment length in H2O2 oxidized 
PEN9-003 coal (pretreated liquid and water eluents of pretreated solid). Also 
demonstrated are the VFA-As-equivalent methane yield (calculated by assuming 
100% conversion of VFA-As to methane), and observed methane yield that 
combines the yield from solid and liquid solution. A) Samples pretreated with 50% 
of the calculated standard dosage of H2O2; B) Samples pretreated with 100% of the 
calculated standard dosage of H2O2; C) Samples pretreated with 200% of the 
calculated standard dosage of H2O2. ...................................................................... 139 
Figure 4-5: Change of total soluble organic matter (DOC) with treatment length in H2O2 
oxidized PEN9-003 coal (pretreated liquid and water eluents of pretreated solid). 
Also shown is the DOC contributed by acetate in pretreated liquid and water 
eluents of solid combined. A) Samples pretreated with 50% of the calculated 
standard dosage of H2O2; B) Samples pretreated with 100% of the calculated 
standard dosage of H2O2; C) Samples pretreated with 200% of the calculated 
standard dosage of H2O2. ....................................................................................... 140 
Figure 4-6: Compound distribution in the no-oxidant control of PEN9-003 coal (A) and 
C.D. coal (B). Values represent the percentage abundance of individual groups 
based on GC-MS peak intensity. Hydrocarbons in this context refer to not only 
compounds that are made of H and C elements, but also those with heteroatoms-
containing functional groups connected to carbon backbones. Any molecules that 
22 
 
22 
 
contain heteroatoms such as O, N, S as a part of a ring structure is classified as a 
heterocyclic compound. Aromatic hydrocarbons (both monocyclic and polycyclic) 
here refer to molecules that have benzene rings connected to aliphatic moieties 
(both cyclic and acyclic) via only sigma bonds. Monocyclic aromatic hydrocarbons 
represent compounds with one or multiple benzene rings connected with each other 
via sigma bonds. Compounds with aromatic units fused to cyclic aliphatic moieties 
are classified as ‘cyclic aliphatic hydrocarbons fused to benzene rings’. Unless 
denoted ‘cyclic’, all compound groups are considered to contain only acyclic 
structures. ............................................................................................................... 144 
Figure 4-7: GC-MS total ion current (TIC) chromatogram of organic solvent extract of 
PEN9-003 raw coals. Annotations represent a part of identified compounds which 
have relatively high peak intensity. This includes 1) 1-Dodecanamine,N,N-
dimethyl-; 2) n-Hexadecane; 3) 2-Hexadecanone; 4) 3-Phenanthrenol, 
4b,5,6,7,8,8a,9,10-octahydro-4b,8,8-trimethyl-,(4bS-trans)-; 5) n-Octadecane; 6) 1-
Heptadecanol; 7) 4b,8-Dimethyl-2-isopropylphenanthrene,4b,5,6,7,8,8a,9,10-
octahydro-; 8) Hexadecanoic acid, methyl ester; 9) 18-Norabietane; 10) 1,5,6,7-
Tetramethyl-3-phenylbicyclo[3.2.0]hepta-2,6-diene; 11) 5.alpha.,17.alpha.-
Pregnan-12-one; 12) 2,4a,8,8-Tetramethyldecahydrocyclopropa[d]naphthalene; 13) 
Naphthalene,7-butyl-1-hexyl-; 14) 3-Methyl-2-octyl-1H-quinolin-4-one; 15) Ethyl 
Oleate; 16) 4,4'-Diacetyldiphenylmethane; 17) 3H-Pyrrolo[3,2-
f]quinoline,1,2,3,4,7,9-hexamethyl-; 18) Phenanthrene, 1-methyl-7-(1-
methylethyl)-; 19) 4a,trans-4b,cis-8a,trans-10a-Perhydro-cis-2,4b,8,8-tetramethyl-
trans-2,10a-ethanophenanthren-12-one; 20) Hexanedioic acid, bis(2-ethylhexyl) 
ester; 21) n-Pentacosane; 22) n-Hexacosane; 23) Pyridine, 3,4-diphenyl-; 24) n-
Heptacosane; 25) n-Octacosane; 26) n-Nonacosane. ............................................. 145 
Figure 4-8: GC-MS total ion current (TIC) chromatogram of organic solvent extract of 
C.D. raw coals. Annotations represent a part of identified compounds which have 
relatively high peak intensity. This includes: 1) n-Pentadecane; 2) n-Pentadecane; 3) 
3,3'-Dimethylbiphenyl; 4) 1,1'-Biphenyl, 3,4'-dimethyl-; 5) n-Heptadecane; 6) n-
Octadecane; 7) Phenol, 4-(2-phenylethenyl)-; 8) Phenanthrene; 9) n-Nonadecane; 
10) Hexadecanoic acid, methyl ester; 11) Anthracene, 9-methyl-; 12) n-Decosane; 
13) Phenanthrene, 1-methyl-; 14) Phenanthrene, 4-methyl-; 15) n-Heneicosane; 16) 
Phenanthrene, 2,3-dimethyl-; 17) Octadecanoic acid, methyl ester; 18) n-Docosane; 
19) n-Tricosane; 20) n-Tetracosane; 21) Hexanedioic acid, bis(2-ethylhexyl) ester; 
22) n-Pentacosane; 23) n-Hexacosane; 24) n-Heptacosane; 25) n-Octacosane; 26) 
n-Nonacosane; 27) n-Triacotane. ........................................................................... 145 
Figure 4-9: GC-MS Total ion current (TIC) chromatogram on the solvent extracts of 
pretreated PEN9-003 coals (as labelled). The horizontal axis represents time while 
the vertical measures peak intensity. Episode 1 and 2 stand for two different zoom-
in sections of a single chromatogram, where the change in compound distribution 
can be most significantly visulized. Within each episode, the range of vertical axis 
(peak intensity) is the same for different graphs so as to allow the change of 
23 
 
23 
 
compound abundance with treatment length to be demonstrated. 1) Hexadecanoic 
acid, methyl ester, 2) 18-Norabietane, 3) 5.alpha.,17.alpha.-Pregnan-12-one, 4) 
2,4a,8,8-Tetramethyldecahydrocyclopropa[d]naphthalene, 5) 2-Hydroxy-5-
methylbenzaldehyde, 6) 1H-Pyrrole-2,5-dione, 3-ethyl-4-methyl-, 7) Benzaldehyde, 
2-hydroxy-, 8) 1,3-Cyclopentanedicarboxylic acid, 9) Benzothiazole, 10) 4-
Chromanol, 11) Phenol, 2,3,5,6-tetramethyl-. ....................................................... 150 
Figure 4-10: Change of compound group abundance with treatment length in PEN9-003 
coals oxidized with 200% standard hydrogen peroxide solution. Subgraph (A) 
shows the change of total peak intensity in the organic extract of PEN9-003 
samples that have been treated with hydrogen peroxide for different periods. 
Subgraphs (B) to (D) demonstrate change of percentaged abundance of each 
compound group in the relevant sample as a result of oxidation. Treatment length 
of 0 day on the graph represents the no-oxidant control. ....................................... 151 
Figure 4-11:  Change of compound group abundance in C.D. coals after oxidation with 
200% standard hydrogen peroxide solution for 30 days. Subgraph (A) shows the 
change of total peak intensity in the organic extract. Subgraphs (B) to (D) 
demonstrate change of percentaged abundance of each compound group in the 
relevant sample as a result of oxidation. Treatment length of 0 day on the graph 
represents the no-oxidant control. .......................................................................... 152 
Figure 4-12: Extent of bioconversion in each compound group, calculated by dividing 
the difference between peak intensity of coals before and after biodegradation by 
peak intensity of coals before biodegradation. Each compound group is identified 
by a unique colour. Solid dots and circles stand for PEN9-003 and C.D. coals 
respectively. Each dot or circle represents an individual compound which 
bioconversion (as shown) is the average of the no-oxidant control and oxidized 
coals. Error bars represent the standard deviation from the means for individual 
compounds. Compounds with same bioconversion appear as a single dot on the 
graph. ..................................................................................................................... 156 
Figure 5-1: Schematic diagram of bioreactor setup. Microbial pretreatment of coal takes 
place in the aerobic reactor, which receives anaerobically digested raw coal as well 
as supplementary glucose as feed and recycles aerobically digestate to anaerobic 
stage. A no-coal control was set up around the aerobic stage to reveal the effect of 
coal on aerobic microbial community, while a no-pretreatment control was 
established to quantify the net improvement of pretreatment on biomethane yield. 
All reactors were incubated in darkness to prevent formation of photoautotrophic 
biomass. ................................................................................................................. 169 
Figure 5-2: Performance of bioreactors and control. A) Biogas production from the 
anaerobic reactor (Reactor A, Fig. 5-1) receiving feed of fresh coal and solid part of 
microbially pretreated coal; B) Biogas production from the anaerobic reactor 
(Reactor B, Fig. 5-1) receiving feed of liquid part (aqueous solution) of microbially 
pretreated coal; C) Biogas production from no-pretreatment coal (Reactor E, Fig. 5-
24 
 
24 
 
1) receiving feed of fresh coal and glucose; D) Protein concentration and pH in the 
aerobic microbial pretreatment reactor (Reactor C, Fig. 5-1). ............................... 174 
Figure 5-3: Change of nitrate and sulphate concentrations in the aerobic reactor (Reactor 
B, Fig. 5-1). The both electron acceptors showed increasing trends over time. 
Nitrate was gradually enriched over time whereas sulphate concentration increased 
and decreased with time. ........................................................................................ 175 
Figure 5-4: Compound distribution in PEN9-003 control. Quantification is based on 
peak intensity in GC-MS. Hydrocarbons in this context refer to not only 
compounds that are made of H and C elements, but also those with heteroatoms-
containing functional groups connected to carbon backbones. Any molecules that 
contain heteroatoms such as O, N, S as a part of a ring structure is classified as a 
heterocyclics. Aromatic hydrocarbons (both monocyclic and polycyclic) here refer 
to molecules that have benzene rings connected to aliphatic moieties (both cyclic 
and acyclic) via sigma bonds. Monocyclic aromatic hydrocarbons represent 
compounds with one or multiple benzene rings connected with each other via sigma 
bonds. Compounds with aromatic units fused to cyclic aliphatic moieties are 
classified as ‘cyclic aliphatic hydrocarbons fused to benzene rings’. Unless denoted 
‘cyclic’, all compound groups are considered to contain only acyclic structures. 176 
Figure 5-5: Example GC-MS total ion chromatograms for organic solvent extracts of 
PEN9-003 control, aerobic digestate and anaerobic digestate. The sections shown 
here for the three samples are parts of the complete chromatograms bounded by the 
same time period and intensity range in order to allow comparison. Significant 
differences in peak sizes are observed among the three graphs, indicating microbial 
modification of the coal hydrocarbons. The annotated peaks are identified to be 1) 
hexanoic acid, 2-ethyl-, 2) 1-octanol, 2-methyl, 3) nonane, 2,6-dimethyl-, 4) 
nonanic acid, 5) benzene, 1,3-bis(1,1-dimethylethyl)-, 6) 8-dodecen-1-ol, acetate, 
(Z)-, 7) 1,1,6,6-tetramethylspiro[4.4]nonane, 8) 1,2-dihydrolinalool, 9) 1-decanol, 
2-methyl-, 10) 1-octanol, 2-butyl-, 11) 1H-naphthalen-2-one, 3,4,5,6,7,8-
hexahydro-4a,8a-dimethyl-, 12) tridecanoic acid, 13) citronelly butyrate, 14) 1,11-
tridecadiene, 15) n-tetradecane, 16) cyclohexane, (2-ethyl-1-methyl-1-butenyl)-, 17) 
cyclohexane, 1,2-dimethyl-3,5-bis(1-methylethenyl)-, 18) 2(1H)-naphthalenone, 
octahydro-4a,7,7-trimethyl-, cis-, 19) bicyclo[2.2.2]octane, 1,2,3,4-tetramethyl-, 20) 
naphthalene, decahydro-1,6-dimethyl-4-(1-methylethyl)-, 21) n-dodecane, 22) 
cyclo-(glycyl-l-leucyl), 23) propanoic acid, 2-methyl-, 3-hydroxy-2,4,4-
trimethylpentyl ester. ............................................................................................. 181 
Figure 5-6: Normalized peak intensity of compounds in biodegraded coal. A) Coal 
residue after aerobic microbial treatment; B) Coal residue after anaerobic microbial 
digestion. The feed to the anaerobic reactor is treated as 50% raw coal and 50% 
aerobic digestate by weight as per description in Section 5.3.2. Intensity for 
individual compounds in aerobically and anaerobically biodegraded residues is 
normalized with respects to that in raw coal and the average intensity of raw coal 
and aerobic digesteate respectively (i.e. intensity of all compounds in the norms is 1, 
25 
 
25 
 
represented by the black lines in the graphs). Each identified compound is 
represented by a dot, while a group of compounds is coded with the same colour. 
The ‘circle’ shapes in graph A denote new compounds that are not in raw coal but 
formed after aerobic microbial pretreatment. The ‘cross’ shape is the normalized 
sum of compound intensity within a group after microbial degradation. It quantifies 
the change in the abundance of a compound group as a whole. ............................ 182 
Figure 5-7: Microbial communities (phylum level) in the final culture of aerobic 
microbial pretreatment reactor (Reactor A, Fig. 5-1), anaerobic reactor (solid, 
Reactor C, Fig. 5-1), and the no-coal control (Reactor D, Fig. 5-1). ..................... 186 
Figure 5-8: Heat map of relative abundance of microbial community members in the 
three cultures. The colour intensity of each member indicates the relative 
abundance. ............................................................................................................. 187 
Figure 5-9: A comparison of functional microbial communities between aerobic and 
anaerobic reactors culture. Quantification was carried out on the basis of number of 
OTUs. Percentage values were calculated by multiplying the ratio of the sum of 
OTUs within a particular functional group to the total number of OTUs of the 
culture by 100%. Microbes with multiple functions are counted separately in 
different functional groups (i.e. sulphate-reducing bacteria with the ability to 
degrade hydrocarbons are included in both ‘sulphate reduction’ group and ‘ability 
to degrade higher hydrocarbons or found in hydrocarbon degrading consortia’ 
group. The ‘higher hydrocarbons’ refers to larger molecules (i.e. most of 
compounds found in organic solvent extract of coal such as long chain alkanes and 
PAHs) rather than small water-soluble compounds such as volatile fatty acids and 
alcohols. ................................................................................................................. 195 
Figure 5-10: Pathway proposed for the two-stage process of coal hydrocarbon 
degradation. Aerobic degradation has resulted in slight conversion of kerogen to 
molecular hydrocarbons (or solvent-extractable matter), and significant 
modification of latter, leading to formation of intermediary products and biomass, 
which are then converted to methanogenic precursors and methane in the anaerobic 
stage. Example microorganisms involved in each step are annotated on the graph.
................................................................................................................................ 197 
 
  
26 
 
26 
 
Table of Tables 
Table 1-1: Scope of the thesis. ......................................................................................... 36 
Table 2-1: Summary of methane yield from a range of major studies on microbially-
enhanced coalbed methane production. ................................................................... 39 
Table 2-2: Microscopic composition of coal (reproduced from Osborne, 1988; Thomas, 
2012 and Taylor et al., 1998). .................................................................................. 48 
Table 2-3: Macerals in hard coal and their origins and featuers (reproduced from Stach 
et al., 1982 and Thomas, 2012). ............................................................................... 49 
Table 3-1: Parameters for solvent extraction. .................................................................. 96 
Table 3-2: Summary of solvent extraction yield.............................................................. 96 
Table 3-3: Proximate and elemental composition of coal samples. ................................. 99 
Table 3-4: Petrographic characteristics of coal samples from Juandah and Taroom Coal 
Measures on an as received basis (Vol. % a.r. = volume percentage on an as 
received basis). ....................................................................................................... 101 
Table 3-5: Volatile fatty acids and alcohols in water eluents (see Fig. 3-4, fraction A) of 
PEN 9 coal samples ............................................................................................... 104 
Table 3-6: Geochemical indices for sample extracts. .................................................... 107 
Table 3-7: A general summary of compound elimination in coal extracts. Elimination is 
given by the quotient of loss in GC-MS intensity after biodegradation and the 
intensity in extracts of raw coals multiplied by 100%. .......................................... 111 
Table 3-8: Exsample mass balance between compound elimination and methane 
production for PEN9-003 ....................................................................................... 123 
Table 4-1: Dosage of H2O2 solution for coal pretreatment. ........................................... 132 
Table 4-2: Proximate and elemental composition of PEN9-003 and C.D. coals. a.d. = 
air-dried basis, d.a.f. = dry ash-free basis. ............................................................. 135 
Table 4-3: Two-way ANOVA table for the effect of hydrogen peroxide dosage levels 
and treatment length on methane yields from pretreated PEN9-003 coal solid, liquid 
and the combined. .................................................................................................. 137 
Table 4-4: List of major new chemical species formed upon oxidation of PEN9-003 coal 
and their bioconversion. ......................................................................................... 155 
Table 5-1: Concentrations (in mg/g coal) of sulphate, nitrate, volatile fatty acids and 
total dissolved organic carbon in water solution of aerobic reactor at day 48 (final 
point). ..................................................................................................................... 175 
27 
 
27 
 
Table 5-2: Change in intensity (of magnitudes > ± 10%) of major solvent-extractable 
compounds (intensity > 1% in the extract of PEN9-003 control) after microbial 
pretreatment and anaerobic digestions. .................................................................. 183 
 
  
28 
 
28 
 
List of abbreviations  
BCA – bicinchoninic acid  
GC – gas chromatography 
GC-MS – gas chromatography - mass spectrometry 
OUT – operational taxonomic unit 
PAH – polycyclic aromatic hydrocarbons 
DOC – dissolved total organic carbon 
VFA – volatile fatty acids 
VFA-A – volatile fatty acids and alcohols 
BSF – Biosurfactants  
 
 
 
 
 
29 
 
29 
 
1 INTRODUCTION 
1.1 BACKGROUND AND MOTIVATION 
BP (2018) reported that in 2017, natural gas was responsible for 27.2% of total energy 
consumption worldwide (on million tons oil equivalent basis) and 30.6% of that in Australia. 
The popularity of natural gas can be attributed to its large abundance, high calorific value, 
and relatively clean emission with less sulphur oxides, nitrogen oxides, carbon dioxide, and 
particulates compared to other fossil fuels such as coal and oil. It can also be a valuable 
ingredient in production of chemicals, plastics, pharmaceuticals, fertilisers, paints, pesticides 
and cosmetics (Department of Industry Innovation and Science, 2017), contributing to our 
life in many different ways.  
Natural gas can be classified into two types: conventional and unconventional, according to 
the reservoir structure and extraction method (Department of Environment and Heritage 
Protection, 2017, Moore, 2012). Upon formation from an organic matter rich source rock, 
conventional gas usually migrates into porous and/or fractured rocks where it occurs as free-
gas and may be sealed in place by an impermeable layer of cap-rock (Department of 
Environment and Heritage Protection, 2017). The gas flows readily to the well after drilling 
the cap-rock using conventional methods, and hence the name (Department of Environment 
and Heritage Protection, 2017). In contrast, the rock in which unconventional gas reserves are 
hosted is usually low in permeability, and thus gas recovery requires additional technology, 
energy or investment to remove the overlying pressure (e.g. pumping out formation water for 
extraction of coal seam gas) (CSIRO, 2015, Department of Environment and Heritage 
Protection, 2017).  
IEA (2011) estimated that utilisation of unconventional gas would significantly extend the 
life of the world’s natural gas reserve to 250 years based on current consumption level, in 
contrast to 120 years if using only the conventionally recoverable gas. It thus presents a huge 
value to our future. There are three common types of unconventional gas: tight gas, shale gas, 
and coalbed methane (Department of Environment and Heritage Protection, 2017). Tight gas 
is trapped in sandstones and limestones of very low permeability (Department of Industry 
Innovation and Science, 2017). These rocks contain miniscule pores with limited 
interconnections that makes it difficult for gas to flow out (Ross, 2013). Extraction of tight 
gas usually requires hydraulic fracturing to increase permeability of the reserves (Ross, 2013). 
Shale gas is also found in sedimentary rocks which are low in permeability and porosity, and 
are hard and deep (> 1500 m) (Department of Industry Innovation and Science, 2017, Ross, 
2013). Extraction of shale gas requires similar technologies to that of tight gas but may be 
more demanding due to its great depth (Department of Industry Innovation and Science, 
2017). Commercialisation of shale gas in USA and its fast growth in the past decade has 
caused a revolutionary change in energy markets and a significant downward pressure on 
natural gas price (Energy and Climate Change Committee, 2013). However, exploitation of 
shale gas outside USA is under debate due to its potential impact on the environment as 
hydraulic fracturing is known to increase the chance of earthquakes, contaminate aquifers (by 
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chemicals used in the process), and consumes a large amount of water (Zhang and Yang, 
2015). In comparison, coalbed methane described hereafter, presents an alternative that is 
more sustainable, and less demainding in producton. 
Coalbed methane (CBM), also referred to as coal seam gas (CSG), coal seam natural gas 
(CSNG), or coal seam methane (CSM), is a coal-derived natural gas, adsorbed to pores and 
cracks of coal seams, and is held in place by underground water pressure (Department of 
Industry Innovation and Science, 2017, Ross, 2013). Extraction of coalbed methane requires 
coal formation water to be pumped out in order to release the gas (Moore, 2012, Ross, 2013). 
Compared to shale gas, the production of which relies heavily on hydraulic fracturing, 
recovery of coalbed methane may or may not require this step (depending on permeability) 
and consumes much less water (Cham, 2014, Ross, 2013). The higher porosity of coal seams 
also guarantees a longer production phase, while the shallower depth (compared to shale gas) 
makes extraction less expensive (Cham, 2014, Ross, 2013).  
In Australia, coalbed methane is the dominant type of unconventional gas. Geoscience 
Australia (2016) reported that the identified resources of CBM in Australia is 79,583 PJ, 
which is significantly higher than 12,252 PJ of shale gas and 1,748 PJ of tight gas. CBM 
accounted for about 38% of total gas reserves, and 13% of total gas production in Australia in 
2014 (Geoscience Australia, 2016). Production of CBM has been mainly reported from the 
Bowen and Surat basins in Queensland (the studied area of this thesis), and is under rapid 
development (Geoscience Australia, 2016). It is also seen in Sydney Basin in New South 
Wales (Geoscience Australia, 2016). Queensland Government Data (2017) reported that the 
total production of CBM in the Bowen and Surat basins (Queensland) has increased by 3.31 
times in 2016 compared to 2014, showing a growing importance that is driven primarily by 
LNG development and export. 
Formation of coalbed methane follows either a thermogenic or a biogenic pathway. 
Thermogenesis is powered by geothermal energy that cracks kerogen and macromolecules, as 
well as large hydrocarbons in coal to gases composed predominantly of methane with traces 
of C2 – C6 hydrocarbons at sufficiently high thermal maturity (maximizing in medium-
volatile bituminous) (Stach et al., 1982). Biogenesis employs a consortium of 
microorganisms, which convert coal hydrocarbons to methane via a multiple-step syntrophic 
process (Colosimo et al., 2016, Papendick et al., 2011, Ritter et al., 2015, Strąpoć et al., 2011). 
Specifically, it has been hypothesized to follow 4 general steps: solubilisation and 
depolymerisation, fermentation, acetogenesis (may also include hydrogenogenesis), and 
methanogenesis, each executed by a different group(s) of microorganisms (Gilcrease and 
Shurr, 2007, Jones et al., 2010, Ritter et al., 2015, Strąpoć et al., 2011). Microbes carrying out 
the in-situ reactions can be introduced by post-depositional meteoric recharge, and due to this, 
the process is referred to as secondary biogenesis (Green et al., 2008, Strąpoć et al., 2011). 
This is to be differentiated from the primary biogenic methane that is produced from coal 
source materials at early stage of diagenesis, and is generally lost during coalification (Green 
et al., 2008, Stach et al., 1982). In contrast to thermogenesis, biogenic CBM has been more 
frequently reported in coals with lower ranks (lignite to bituminous), which have both 
compositional (less condensed structure and more heterogeneity) and environmental 
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(temperature in coal seams suitable for microbial growth) advantages for supporting 
microbial life (Park and Liang, 2016, Ritter et al., 2015, Strąpoć et al., 2011). Although the 
two pathways may co-exist, biogenic CBM is able to dominate natural gas produced from 
coal seams. Examples are the Powder River Basin, USA (Green et al., 2008), south-eastern 
Illinios Basin, USA (Strąpoć et al., 2007), and the eastern Surat Basin, Australia (Draper and 
Boreham, 2006, Hamilton et al., 2014) that encompass coals of low thermal maturity (e.g. 
subbituminous in the above three examples). An advantage of biogenic CBM is that it 
presents possibility for improving methane yield through various methodologies.  
Enhancement strategies can be approached either by supporting microbial activity, through 
supplement of nutrients or addition of an enrichment culture that amplifies the microbial 
action, or via modification of coal such as increasing surface area and accessibility to 
microbes or improving coal bioavailability through decomposition of coal chemical structure 
(Park and Liang, 2016, Ritter et al., 2015).  
A large body of work has already been set out, demonstrating promising results in laboratory 
experiments (more details in Chapter 2). Pilot scale tests have also been conducted by 
companies such as Luca Technologies Incorporation, Next Fuel Incorporation, and Ciris 
Energy across CBM reserves in the Powder River Baisn (Wyoming, USA), Uinta Basin 
(Utah, USA), San Juan Basin (New Mexico, USA), Black Warrior Basin (Alabama), 
Indonesia, and China, primarily targeting coals seams already exhausted or with no past 
history of gas production (Ritter et al., 2015). Particularly, Luca Technologies managed to 
restore the production of biogenic CBM to about 50% that of original peak productivity (in 
the South Kitty pilot test), which lasted for a period of 5 years (Ritter et al., 2015).  
The feasibility for commercialising the technologies is heavily dependent on the cost of 
enhancement methods and the price of natural gas. For example, pretreating coal with high 
concentration KMnO4 can significantly boost the conversion of coal in bioassays (Huang et 
al., 2013b, Huang et al., 2013c), yet the high cost of chemicals, and the need for conditioning 
the pretreatment product (to make it amenable to microbes) are likely to upset the process 
economics. On the other hand, stimulation of biomethane production by injecting nutrients 
into an existing natural gas well is more economically viable as little investment will need to 
be made for infrastructure. This latter method is consequently used by most of the companies 
conducting pilot-scale tests (Ritter et al., 2015).  
The actual feasibility of an enhancement process will have to be balanced between the 
magnitude of improvement in conversion and that of increase in cost. As such, the price of 
natural gas is critical. Fig. 1-1 summarises the trends of change in natural gas price in 
Australia in the past decade. In 5 of the 6 states (West Australia is an exception due to a gas 
shortage in 2006), the gas price for large industrial customers has increased steadily since 
2010 (Fig. 1-1 A, Snow, et al., 2015). Queensland exhibits the highest extent of growth with 
two rapidly increasing phases in 2010 and 2013, settling above $ 10 / GJ in 2015. The 
residential gas price also demonstrates a steady increase Australia-wide from 2006 (Fig. 1-1B, 
Snow et al., 2015). Queensland, again, appears to be the highest among all states, settling 
around 6 Cents/MJ (or $ 60 / GJ). The proceeding trend of natural gas price looks promising 
for gas production, particularly in Queensland where sampling sites of coals investigated in 
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this thesis are located. Where the gas price settles in the future will be the key to the 
economic feasibility of the enhancement process. Factors such as change in industrial 
structure and relevant policies, competition from new gas retailers, and discovery of 
alternative gas sources may all affect gas price. In addition to economics, new technologies 
must also comply with environmental regulations, as well as social conventions. This is 
particularly challenging for an in-situ process, where chemicals and microbes have to be 
injected underground. Careful tests and surveys would therefore, need to be carried out to 
ensure a minimal impact on the local community and ecology.  
Despite the numerous efforts in the study of microbially enhanced coalbed methane 
production, fundamental knowledge underlying the biochemical process is still developing, 
with key questions yet to be resolved. A significant body of work has demonstrated 
biomethane production from coal (Fallgren et al., 2013a, Fallgren et al., 2013b, Gilcrease and 
Shurr, 2007, Green et al., 2008, Harris et al., 2008, Jones et al., 2008, Papendick et al., 2011, 
Robbins et al., 2016a), but few showed with clear evidence, what structure or compounds in 
coal were degraded. Experimental work in this thesis aims to improve our understanding of 
coal bioavailability with a focus on coal organic composition and the changes after 
biodegradation. Methods for improving coal bioavailability will also be explored. Objectives 
of this thesis are further detailed in Section 1.2. 
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Figure 1-1: Trends of change in average gas price in Australia. A) Large industrial customer gas price; B) Residential gas 
price. Reproduced from Snow et al. (2015). 
1.2 OBJECTIVES AND CONTRIBUTIONS OF THE WORK 
To study coal bioavailability, the following research questions underpin the investigation in 
this thesis.  
Research Question 1: What are the key controlling factors for coal bioavailability? (Chapter 3) 
Understanding the controlling factors for coal bioavailability is important as it helps identify 
and select appropriate coal seams for implementation of enhancement methods (e.g. nutrient 
addition, injection of microbial consortia). Previously studies have provided general ideas on 
the impact of some coal characteristics (e.g. rank and maceral composition) on coal 
bioavailability (see Chapter 2). However existing evidence lacks consistency. The thesis will 
seek to improve on the current knowledge of coal bioavailability controlling factors by 
(A) 
Large Scale Customer Gas Price 
(B) 
Residential Gas Price 
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focussing on the fundamental organic composition of coal. The key objectives for this part of 
the work are given below.  
Key objectives:  
1) Characterise the biomethane potential of coals using bioaugmented methanogenic 
consortia supplied with inorganic nutrients; 
2) Characterise bioavailable hydrocarbons in coal via solvent extraction coupled to GC-
MS analysis, and demonstrate their relationship with biomethane production; and 
3) Investigate the dependence of coal bioavailable compounds on maceral composition, 
and explore other possible factors that can affect the abundance of these compounds. 
Research Question 2: Can coal bioavailability and biomethane yield be improved by the 
means of chemical pretreatment? (Chapter 4) 
Since the majority of coal carbon is encompassed within macromolecules with cross-linked 
or polyaromatic structures, coal is largely considered a recalcitrant material for 
biodegradation. Conversion of coal to methane is generally below 1% even when 
bioaugmented culture is used and nutrients are supplied (see Chapter 2). This thesis will set 
out preliminary experiments using H2O2 as a pretreatment reagent, aiming to promote coal 
structural decomposition with the help of hydroxyl radicals. The oxidation products, 
containing hydrocarbon fragments, are thought to be more bioavailable for conversion to 
methane. This, to my knowledge, is the first attempt of using H2O2 oxidation for the purpose 
of improving coal bioavailability for methane production from coals with rank higher than 
lignite. The following objectives were pursued to address the question.   
Key objectives:  
1) Characterise the change in coal bioavailability and biomethane yield after pretreating 
coal with H2O2 solution; 
2) Investigate the effect of H2O2 oxidation and treatment duration on coal organic 
composition and its consequence on coal bioavailability; and  
3) Investigate the effect of coal rank on bioavailability and amenability to chemical 
oxidation for the purpose of increasing biomethane yield. 
Research Question 3: Can coal bioavailability and biomethane yield be improved by the 
means of microbial pretreatment? (Chapter 5) 
An alternative pretreatment strategy to chemical oxidation is the use of microbes in the 
presence of more potent electron acceptors such as O2. Aerobic microorganisms are more 
powerful hydrocarbon degraders than fermentative consortia. The purpose of microbial 
pretreatment is to modify coal in a way that improves its bioavailability for methanogenesis. 
Aerobic microbial digestion may also result in conversion of recalcitrant hydrocarbons to 
biomass, which may be utilised as a carbon substrate for methanogenesis. The advantage of 
microbial pretreatment is that it may be less expensive and require less post-treatment 
conditioning (e.g. removal of free radicals after H2O2 oxidation) than using chemicals. This 
thesis will set out preliminary experiments, pretreating coal with a consortium of aerobes as a 
way to improve coal bioavailability for methanogenesis. This, to my knowledge, is the first 
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attempt, among the limited number of studies with the same purpose, to use coal of rank 
higher than lignite. The objectives are outlined below. 
Key objectives:  
1) Characterise the change in coal bioavailability and biomethane yield after 
pretreatment with an aerobic microbial consortium;  
2) Investigate the effect of microbial pretreatment on coal organic composition and its 
consequence on coal bioavailability; and  
3) Characterise the microbial communities and identify key organisms that contribute to 
the improvement in coal bioavailability.  
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1.3 PROJECT SCOPE 
Table 1-1 summarises the scopes of this thesis. 
Table 1-1: Scope of the thesis. 
In scope  Out of scope 
 Characterisation of coal organic composition – 
This will be mainly focused on solvent-
extractable matter, including both hydrophilic 
and hydrophobic parts. Individual compounds 
in solvent extracts of coal will be identified 
wherever possible. 
 Characterisation of coal petrographic 
composition – maceral composition of coal 
will be carefully characterised to the level of 
sub-macerals. Whenever a different size 
portion of coal particles is used, a new 
petrographic analysis will be conducted in 
order to account for the likely inhomogeneous 
distribution of macerals in different size 
fractions. Vitrinite reflectance will also be 
measure as an indication of coal thermal 
maturity. 
 Characterisation of coal proximate and 
elemental composition – proximate and 
ultimate analysis will be conducted on all coal 
samples investigated.  
 Evaluation of coal bioavailability – Bioassays 
will be set up to evaluate bioavailability of 
coal. GC-MS analysis will be carried out on 
solvent extracts of both raw coals and bioassay 
residues in order to identify biodegraded 
compounds. The thesis will identify the most 
bioavailable compound groups, their common 
features and relation to other coal 
characteristics.    
 Mass balance – Biomethane production will be 
carefully related to compound degradation. 
Mass balance calculations will be conducted 
wherever possible.  
 Implication to real-world application – The 
thesis will discuss the technical feasibility of 
enhancement / pretreatment methods for 
improving biomethane production from coal in 
the context of a real-world process. 
  
 Characterisation of coal physical accessibility – 
Experiments in this thesis will be established on 
pulverised coal, which surface area is controlled 
by sampling from a particular size range. Total 
surface area of coal particles will not be 
measured, nor will the surface tension, wettability, 
or porosity be examined.     
 Reservoir restructure, permeability – Although 
crucial for in-situ application, the thesis will not 
seek to characterise coal seam structure and 
permeability or investigates methods to enhance 
the accessibility of coal to microbes in an in-situ 
environment.  
 Compound identification in this thesis aims to 
provide a basic scan of solvent-extractable 
organic matter in coal. It does not go down to the 
level of details of biomarker studies, and does not 
aim to differentiate one isomer from another.   
 Coal seam gas production and well operations – 
The thesis will not cover works association with 
coal seam gas extraction.     
 Characterisation of microbial pathways in coal 
degradation – Apart from the literature review, the 
thesis will not attempt to identify potential 
microbial pathways / enzymatic pathways 
involved in coal biodegradation or match 
intermediates to specific pathways.  
 Extrapolation of laboratory results to field 
production – Experiments in this thesis differ 
from the actual in-situ process in a few aspects 
such as coal surface area, source of microbial 
inocula (exogenous culture was used), 
geochemical conditions etc. Conclusions reached 
in this thesis will therefore, be feature-based (i.e. 
relate coal features to bioavailability). 
Extrapolation of the results to the actual in-situ 
process would require some extra work which will 
not be investigated in this thesis.   
 Process design and economic analysis – The 
thesis will not engage in detailed process design 
and costing, but will rather focus on scientific 
verification of the technical feasibilities. 
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2 LITERATURE REVIEW 
2.1 OVERVIEW OF STUDIES ON MICROBIALLY-ENHANCED METHANE PRODUCTION FROM COAL 
2.1.1 Laboratory Experiments on Biogenic Methane Production from Coals 
Numerous studies have been carried out for characterising and improving biogenic methane 
production from coal based on laboratory bioassays (Fallgren et al., 2013a, Fallgren et al., 
2013b, Gallagher et al., 2013, Green et al., 2008, Harris et al., 2009, Huang et al., 2013c, 
Jones et al., 2013, Jones et al., 2010, Jones et al., 2008, Papendick et al., 2011, Robbins et al., 
2016a, Susilawati et al., 2013). Coal samples investigated span a broad spectrum, sourcing 
from various basins around the world (the majority of data are from USA, Australia and 
China, see Table 2-1) across the whole range of thermal maturity (rank from lignite to 
anthracite).  
Most used batch experiments that were usually carried out in biomethane potential bottles 
(BMP bottle, or serum bottles with rubber stoppers) which can effectively maintain an 
anaerobic environment due to their excellent gas tightness. Coal samples fed to the bioassay 
are usually pulverized to enhance surface accessibility to microbes, as well as the rate of mass 
transfer, so as to speed up the biochemical process.  
Microbial consortia of both indigenous and exogenous origins have been used for 
experiments (see Table 2-1). The former are collected in the form of coal formation water or 
produced water and reflect the in-situ microbial community. Studies based on indigenous 
culture can be a good characterization of the ongoing biogenic process in coal seams. An 
advantage of indigenous cultures is that they are well-adapted to coal and might possess 
unique metabolic activities for degrading coal hydrocarbons. Conclusions drawn from these 
experiments are therefore likely to be more indicative of the actual underground process. The 
drawback is, however, that the community might have less variety and cell counts, and may 
be vulnerable to changes in the environment (e.g. exposure to oxygen or exogenous 
microorganisms) during sampling, collection and laboratory experiments.  
Exogenous cultures are consortia enriched from various environmental sources (e.g. 
anaerobic digester sludge, lake sediments, termite gut, and animal faeces, Robbins et al., 
2016a), containing a wide spectrum of microbial species with robust population. Mixed 
culture from different sources (including coal formation water) has also been used, and was 
referred to as a ‘super culture’, which would ideally present an all-around hydrocarbon-
degrading ability (Robbins et al., 2016a). However, since microbial interaction is more than 
simple addition, the consequence of using these mixtures requires further examination. 
Experiments using exogenous microbial consortia usually aim to maximize bioconversion of 
coal, and to provide a unified microbial driving force for assessing bioavailability of samples 
from different origins (i.e. indigenous cultures may favour native coal more than foreign 
samples). Furthermore application of exogenous culture into the subsurface coal seams may 
be limited or even prohibited by environmental regulation, making it more suitable for above-
ground processes (e.g. on coal beneficiation rejects; Zheng et al., 2017).  
38 
 
38 
 
Most bioassay experiments are carried out under mesophilic conditions, which are favoured 
by methanogens and are close to the temperatures prevalent in most coal seams. However, 
Rathi et al. (2015) conducted an experiment under thermophilic condition and achieved 
comparable biomethane yields. A brief summary of methane production from a range of 
samples with various characteristics is given in Table 2-1, referencing some of the major 
studies in the research field.   
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Table 2-1: Summary of methane yield from a range of major studies on microbially-enhanced coalbed methane production.   
Inoculum 
Sources 
Coal Rank Coal Sources Inc. T 
(˚C)* 
Grain 
size (µm) 
Macerals 
(vol.%, 
a.r.) 
CH4 
Yield 
(µmol/g) 
References 
Indigenous 
consortia 
Lignite 
Beulah-Zap, 
Williston Basin, 
USA 
22 <150 N.G.* 0.24 (Fallgren et 
al., 2013a) 
Huolinguole, 
Inner Mongolia, 
China 
23 <1000 N.G. 240 (Fallgren et 
al., 2013c) 
Surat Basin, 
Australia  
23 <1000 N.G. 320 (Fallgren et 
al., 2013c) 
Southern 
Sumatra island, 
Indonesia 
23 <1000 N.G. 330 (Fallgren et 
al., 2013c) 
Mangus, Muara 
Enim Formation, 
Indonesia  
37 <300 78.2% 
vitrinite, 
5% liptinite, 
8.9% 
inertinite  
11 (Susilawati et 
al., 2013) 
Sub-
bituminous 
Wyodak-
Anderson, 
Powder River 
Basin, USA 
22 <150 High 
vitrinite 
(85-91%) 
0.38 (Fallgren et 
al., 2013a) 
Wyodak, Powder 
River Basin, 
USA  
30 250 – 
600 
N.G. 180 (Green et al., 
2008) 
Big George, 
Powder River 
Basin, USA 
30 Crushed N.G. ~205 (Gallagher et 
al., 2013) 
Walloon, Surat 
Basin, Australia  
 
 
 
37 300-600 63.9% 
Vitrinte, 
21% 
liptinite, 
0.4% 
inertinite 
261 (Papendick et 
al., 2011) 
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Inoculum 
Sources 
Coal Rank Coal Sources Inc. T 
(˚C)* 
Grain 
size (µm) 
Macerals 
(vol.%, 
a.r.) 
CH4 
Yield 
(µmol/g) 
References 
Sub-
bituminous 
Alberta coal 
beds, Canada 
50 Finely 
crushed 
N.G. ~67 (Penner et 
al., 2010) 
Indigenous 
consortia 
Paleocene-
Eocene Wilcox 
Group, Indio 
Formation, TX, 
USA  
22 2000 -
10000 
N.G. ~ 80 (Jones et al., 
2010) 
Bituminous 
High Volatile, 
Pittsburgh No. 8, 
Pennsylvania, 
USA 
22 <150 High 
vitrinite 
(85-91%) 
1.41 (Fallgren et 
al., 2013a) 
Low Volatile, 
Pocahontas No.3, 
Virginia, USA 
22 <150 High 
vitrinite 
(85-91%) 
2.47 (Fallgren et 
al., 2013a) 
Anthracite 
Qingshui Basin, 
Zhaozhuang 
mining, China 
30 <180 N.G. ~367 (Xiao et al., 
2013) 
Qingshui Basin, 
Sihe, China 
30 <180 N.G. ~184 (Xiao et al., 
2013) 
Exogenous 
consortia  
Sub-
bituminous 
Upper Wyodak, 
Powder River 
Basin, USA 
22  <13000 N.G. 23.2 (Jones et al., 
2008) 
Lower Wyodak, 
Powder River 
Basin, USA 
22 <13000 N.G. 8 (Jones et al., 
2008) 
Pawnee, Powder 
River Basin, 
USA 
22 <13000 N.G. 9 (Jones et al., 
2008) 
Wall, Powder 
River Basin, 
USA 
 
22 <13000 N.G. 1.7 (Jones et al., 
2008) 
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Inoculum 
Sources 
Coal Rank Coal Sources Inc. T 
(˚C)* 
Grain 
size (µm) 
Macerals 
(vol.%, 
a.r.) 
CH4 
Yield 
(µmol/g) 
References 
Exogenous 
consortia  
Sub-
bituminous 
Big George, 
Wyoming, USA 
22 <13000 N.G. 2.2 (Jones et al., 
2008) 
Monarch, 
Wyoming, USA 
22 <13000 N.G. 2.4 (Jones et al., 
2008) 
Dietze 3, 
Wyoming, USA  
22 <13000 N.G. 3.3 (Jones et al., 
2008) 
Paleocene-
Eocene Wilcox 
Group, Indio 
Formation, USA  
22 2000 -
10000 
N.G. ~100 (Jones et al., 
2010) 
Morley, Ohai 
Baisn, New 
Zealand,  
37 150 - 500 79% 
vitrinite, 
8% liptinite, 
6% 
inertinite 
20.5 (Robbins et 
al., 2016a) 
Balikpapan 
formation, Kutai 
Basin, Indonesia 
37 150 – 
500 
65% 
vitrinite, 
14% 
liptinite, 4% 
inertinite 
9.3 (Robbins et 
al., 2016a) 
Balikpapan 
formation, Kutai 
Basin, Indonesia 
37 150 – 
500 
83.4% 
vitrinite, 
8% liptinite, 
6.6% 
inertinite 
10.9 Robbins et 
al., 2016) 
Bituminous 
North Slope 
Borough, Alaska, 
USA 
22 <13000 N.G. 3.3-5.1 (Jones et al., 
2008) 
High volatile, 
Rewanui, 
Greymouth 
Basin, New 
Zealand 
37 150 – 
500 
100% 
Vitrinite 
4.5 Robbins et 
al., 2016a) 
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Inoculum 
Sources 
Coal Rank Coal Sources Inc. T 
(˚C)* 
Grain 
size (µm) 
Macerals 
(vol.%, 
a.r.) 
CH4 
Yield 
(µmol/g) 
References 
Exogenous 
consortia 
Bituminous 
High volatile, 
Rangal, Bowen 
Basin, Australia 
37 150 – 
500 
35.2% 
vitrinite, 
5.1% 
liptinite, 
53.8% 
inertinite 
0.3 Robbins et 
al., 2016a) 
Medium volatile, 
Moranbah, 
Bowen Basin, 
Australia 
37 150 – 
500 
72.9% 
vitrinite, 
1.2% 
liptinite, 
21.5% 
inertinite 
9.7 Robbins et 
al., 2016a) 
Medium volatile, 
Rangal, Bowen 
Basin, Australia 
37 150 – 
500 
53.4% 
vitrinite, 
1.8% 
liptinite, 
42.1% 
inertinite 
2.2 Robbins et 
al., 2016a) 
Medium volatile, 
Rewanui, 
Greymouth 
Basin, New 
Zealand 
37 150 – 
500 
96% 
vitrinite 
0.2 Robbins et 
al., 2016a) 
Low volatile, 
Rangal, Bowen 
Basin, Australia 
37 150 – 
500 
48.2% 
vitrinite, 
45.4% 
inertinite 
2.5 Robbins et 
al., 2016a) 
Bituminous 
coal waste 
Deer Creek, 
Utah, USA 
23 <75  N.G. 16.05 (Opara et al., 
2012) 
*Inc. T = incubation temperature 
*N.G. = not given 
*a.r. = as-received basis 
Huge variation can be observed in the biomethane production observed in these experiments 
(Table 2-1). Yields range from < 1 µmol/g to > 300 µmol/g. One of the key factors 
underpinning the difference in methane production is the bioavailability of coal, which is a 
key issue to be explored in this dissertation.  
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2.1.2 Common Strategies for Production Enhancement 
While biogenesis of methane from coal seam is a naturally occurring process, researchers 
have sought strategies to enhance this conversion and thereby the production of existing coal 
seam gas wells. This has also extended to activate and stimulate the biogenic process in non-
gas-producing coal seams (Fallgren et al., 2013b, Jones et al., 2010). Commonly employed 
methods include biostimulation, bioaugmentation, physically increasing accessibility to coal, 
as well as chemically or microbially pretreating the coal to achieve higher bioavailability 
(Jones et al., 2013, Park and Liang, 2016, Ritter et al., 2015). The key aspects of these 
methods are examined below.  
2.1.2.1 Biostimulation 
Biostimulation works through addition of growth nutrients (e.g. nitrogen, phosphorus) or 
micro-nutrients (e.g. trace metal, vitamins) into coal seams, in order to promote the growth 
and metabolic activities of indigenous methanogenic consortia. This has been proved to be 
effective in stimulating methane production from coal with no gas-producing history on the 
laboratory scale (Fallgren et al., 2013b, Jones et al., 2010).  
The target for stimulation is usually the group of microorganisms that convert higher coal 
hydrocarbons or macromolecules to methanogenic precursors (Schlegel et al., 2013), a step 
which is believed to limit the rate of the overall syntrophic process (Scott, 1999, Strąpoć et al., 
2011). Therefore, a comprehensive inorganic media such as Tanner media (Tanner, 2007) is 
often used for biostimulation experiments as it provides a good source of minerals, trace 
metals, vitamins, nitrogen and phosphorus, which are essential for biosynthesis of proteins 
and enzymes (Green et al., 2008, Harris et al., 2009, Harris et al., 2008, Papendick et al., 
2011, Robbins et al., 2016a, Zheng et al., 2017). Yeast extract is sometimes offered as an 
additional supplement of nitrogen and micro-nutrients (Green et al., 2008, Harris et al., 2008), 
as well as carbon for biomass growth. A more pertinent stimulation may demand nutrients to 
be tailored to the specific microbial community (Park and Liang, 2016). However, this 
requires extensive screening of microbial species and a good knowledge of the biochemical 
conversion pathways which are, however, still poorly understood.  
In terms of application, biostimulation is the most widely exercised enhancement method in 
pilot-scale tests (Luca Technologies, Ciris Energy, Next Fuel etc., Ritter et al., 2015), 
presumably due to its simplicity and relatively mild impact on the environment (compared 
with other strategies, Ritter et al., 2015). Even so, acquiring permission from regulators may 
still present issues as there are concerns about the effect of the process on the coal resource, 
as well as the quality of drinking water, if the nutrients penetrate into aquifers (Ritter et al., 
2015).  
2.1.2.2 Bioaugmentation 
Bioaugmentation is achieved through addition of functional microbial strains to an 
indigenous methanogenic community in order to boost the conversion of coal to methane, or 
to coal seams with no biomethane production due to the absence of microbes (Ritter et al., 
2015). There are two general approaches for implementing bioaugmentation as specified by 
Park and Liang (2016): 1) enrichment of an indigenous microbial consortium in a laboratory 
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and then put it back into coal seam, and 2) injection of an exogenous methanogenic culture 
that is well-adapted for converting coal to methane. Both methods have been applied in 
laboratory experiments, often together with biostimulation (Fallgren et al., 2013b, Jones et al., 
2013, Jones et al., 2010, Jones et al., 2008, Papendick et al., 2011, Robbins et al., 2016a). In 
the Jones et al. (2010) study, microcosoms amended with an exogenous enrichment culture 
produced more methane and at faster rate than those implemented with just biostimulation.  
Microbial consortia used for bioaugementation are commonly sourced from formation or 
produced water from gas-producing wells, as well as environments with active 
methanogensis such as river or lake sediments, digester sludge, animal faeces, and termite gut 
contents (Jones et al., 2010, Papendick et al., 2011, Robbins et al., 2016a). No particular 
microbial strains have been targeted so far, nor has genetic engineering been applied. While 
in-situ application of bioaugmentation may experience regulatory hurdles (due to potential 
pollution to aquifers), the use of enrichment cultures in an ex-situ bioreactor presents a 
possible opportunity, for example coals that are cheap to access (e.g. surface coal or coal 
beneficiation waste).   
2.1.2.3 Increasing Physical Accessibility 
Green et al. (2008) and Papendick et al. (2011) reported an increase in biomethane yield from 
laboratory bioassays upon increasing coal surface area (i.e. using smaller grain size). Surface 
area is important for mass transfer of coal hydrocarbons into aqueous solution, as well as 
microbial access to coal surface hydrocarbons, therefore affecting both rate and yield of 
biomethane.  
In coal seams, surface area is provided by naturally-occurring pore and cleat systems (Scott, 
1999, see more in Section 2.4). Increasing coal seam surface area may be achieved by 
hydraulic fracturing or burning so as to create cleats or a chamber within coal seams (Ritter et 
al., 2015, Scott, 1999). The method may be used in conjunction with biostimulation and 
bioaugmentation in order to achieve maximum benefit. Although hydraulic fracturing, in 
some cases, is adopted for improving recovery of coal seam gas (when permeability is low), 
no pilot-scale tests, so far, has used it for the purpose of increasing surface area for biogenic 
methane enhancement. In an ex-situ process, coal surface area may be increased relatively 
easily by crushing. Coal beneficiation wastes, such as Jameson-Cell reject (Zheng et al., 
2017), are often already crushed as a part of the coal preparation process (Osborne, 1988). 
Alternatively, accessibility of coal hydrocarbons can also be improved by addition of 
surfactants, which have been reported to be effective in increasing biomethane production 
from coal (Gilcrease and Shurr, 2007, Green et al., 2008, Papendick et al., 2011). However, 
the potential impact on the environment (e.g. contamination of areas outside the coal seam) as 
well as other considerations such as the reservoir structure and permeability (Scott, 1999) 
may limit this method also to an ex-situ process where containment can be properly managed. 
The high cost of surfactants relative to the improvement in methane production may also 
present challenges to commerciality (Gilcrease and Shurr, 2007).  
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2.1.2.4 Chemical Pretreatment  
The purpose of chemical pretreatment is to enhance the conversion of coal macromolecules 
or recalcitrant hydrocarbons to bioavailable compounds through the action of a sufficiently 
powerful reagent, usually a strong oxidant or an enzyme, prior to inoculation with a 
methanogenic consortium for bioconversion to methane. Huang et al. (2013b), Huang et al. 
(2013c), and Jones et al. (2013) have demonstrate the ability of oxidants (e.g. KMnO4 and 
H2O2)  in improving coal bioavailability for methanogenesis. Further details are given in 
Section 2.6 and Chapter 4. Application of chemical pretreatment is, however, like to be only 
possible for an ex-situ process as injecting oxidants underground presents many potential 
environmental and operational hazards (e.g. explosion). The cost of chemicals as well as the 
additional infrastructure needed must also be considered when determining the feasibility of 
application.  
2.1.2.5 Microbial Pretreatment 
Microbial pretreatment shares the same purpose as chemical pretreatment but is 
accomplished by microorganisms, usually via production of biosurfactants or bioenzymes. 
Fakoussa and Hofrichter (1999), Hofrichter et al. (1999), Hofrichter and Fritsche (1997a), 
Hofrichter and Fritsche (1997b), and Hofrichter and Fritsche (1996) have provided evidence 
for biosolubilisation and depolymerisation of low rank coal, particularly lignites, by fungi and 
bacteria. More details are given in Section 2.7. As with chemicals, application of microbial 
pretreatment is also likely to be limited to an ex-situ process due to the need for aeration and 
the potential hazards of introducing foreign microbes into new subsurface environments.  
2.2 COAL BIOAVAILABILITY, FROM A PETROGRAPHIC PERSPECTIVE 
2.2.1 Effect of Rank 
A fundamental understanding of coal bioavailability requires some basic knowledge of the 
coal formation process and change in properties as thermal maturity increases. The 
coalification process begins with peatification, during which plant materials are humidified, 
macerated and microbially altered, producing primary biogenic methane (Moore, 2012). In 
this stage, hemicelluloses, cellulose and hexose sugars in the buried wood materials are 
decomposed by microbial hydrolysis (Stout et al., 1988), resulting in a structure that largely 
resembles lignin materials (Stout et al., 1988, Strąpoć et al., 2011). This is followed by 
dehydration that compacts the structure of organic matter and decreases porosity of the 
material, forming lignite (Moore, 2012), which is considered the most bioavailable type of 
coal due to the high structural heterogeneity and mild extent of ring condensation (Hofrichter 
and Fakoussa, 2001). Degradation of a Texas lignite has achieved as much as 7.2 mmol/g of 
methane using a microbial consortium from wood-eating termite gut (Harding et al., 1993). 
Formation of subbituminous coal from lignite is primarily characterized by cleavage of aryl-
ether bonds, specifically methoxyl groups through a demethylation process in the catechol-
like structure of lignin (Hatcher et al., 1988, Hatcher and Clifford, 1997, Stout et al., 1988). 
As a result, subbituminous coals are said to be rich in aromatic compounds with single 
hydroxyl group such as phenols, alklylated phenols, and cresols (Hatcher et al., 1990, Hatcher 
et al., 1988, Hatcher and Clifford, 1997, van Bergen et al., 1994). These monoaromatic 
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moieties have shown decent bioavailability in coal bioassays in a number of studies 
(Furmann et al., 2013b, Jones et al., 2010, Orem et al., 2010). Further maturation from 
subbituminous to bituminous involves condensation of phenols to diaryl ether and 
dibenzofuran-like structures, which are then transformed to benzene-like structures with 
aliphatic side chains that are subsequently condensed to polyaromatic hydrocarbons (PAH, 
Fakoussa and Hofrichter, 1999, Hatcher and Clifford, 1997). The polymeric structure is 
stabilised by π-bond resonance, and is therefore rather recalcitrant to microbial degradation 
(Fakoussa and Hofrichter, 1999, Jones et al., 2010). Bitumen also forms at this stage from 
kerogen (details later, Stach et al., 1982). Further coalification triggers debituminisation when 
bitumen is gradually cracked by heat to yield thermogenic methane and residue pyrobitumen 
(Moore, 2012). The structure of coal continues to homogenise until it becomes uniform in 
anthracite (Strąpoć et al., 2011). The high extent of polymerisation and homogeneity makes 
anthracite essentially inert to microorganisms.          
Change in thermal maturity of coal can also affect the content of solvent-extractable matter in 
coal. Solvent-extractable matter, also known as bitumen, oil, ‘mobile’ phase, or ‘mobile’ 
hydrocarbons, is defined as the portion of coal organic matter that is soluble in organic 
solvents. It comprises material either filling the voids and fractures in coals (Curiale, 1986, 
Jacob, 1989, Mastalerz and Glikson, 2000, Tissot and Welte, 1984), or adsorbed to humic 
substances (Taylor et al., 1998). These materials occur from subbituminous A to medium-
volatile bituminous ranks, attaining a peak concentration in the high-volatile bituminous stage 
(Stach et al., 1982). Due to the smaller molecular size and higher extent of saturation, they 
are believed to be a more bioavailable portion of coal relative to kerogen (Furmann et al., 
2013b, Jones et al., 2013, Harris et al., 2009).  
The precursor of bitumen is primarily lipids formed via anaerobic ‘saprofication’ from 
cellulose, proteins, fats, and waxes of lower organisms such as algae, animal, plankton, and 
bacteria (Stach et al., 1982, Taylor et al., 1998). The lipid precursors are incorporated into 
kerogen in the lignite stage as hydrogen-rich aliphatic edge groups on humic substances (in 
wax-resin complex of vitrinite) and liptinite macerals (Stach et al., 1982). Maturation of coal 
(by heat) from subbituminous to medium-volatile bituminous triggers scission of weak 
chemical bonds, releasing bitumen from kerogen. This bitumen is susceptible to methane 
conversion either by syntrophic degradation via indigenous microbial consortia, or through 
thermal cracking upon further maturation (Stach et al., 1982). The latter happens 
simultaneously with condensation of kerogen (Stach et al., 1982), leading to decreased 
hydrogen and oxygen contents (i.e. less saturation and heterogeneity), compromising coal 
bioavailability (Mastalerz and Glikson, 2000, Strąpoć et al., 2011). At a rank higher than 
medium-volatile bituminous, liptinite loses its identity and oil potential, and bitumen is 
substantially cracked (Mastalerz and Glikson, 2000, Strąpoć et al., 2011), which decreases 
coal bioavailability at high rank.  
In addition, the increase in thermal maturity has also been associated with an increase in the 
proportion of microporosity at the expense of macropores and mesopores (Crosdale et al., 
1998, Gan et al., 1972, Nie et al., 2015, Rodrigues and Lemos de Sousa, 2002, Stach et al., 
1982). Micropores have diameters less than 5 nm, and are too small for microbial access, 
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since microbes are typically 1000 to 3000 nm in size (Scott, 1999). This reduces interactions 
between microbes and coal and also the possible number of microbial colonies on coal 
surfaces.  
Higher rank coals also have greater hydrophobicity and poor surface wettability (Osborne, 
1988), characteristics that can significantly lower the rate of hydrocarbon mass transfer to the 
aqueous medium. Moreover, Robbins et al. (2016a) revealed a rank-dependent trend of 
acetate (an important methanogenic precursor) concentration in coal, with low rank coals 
containing higher acetate.   
The above patterns of change in coal properties point towards a negative impact of increasing 
thermal maturity on coal bioavailability. This is consistent with the common view in the 
research field (Fakoussa and Hofrichter, 1999, Orem and Finkelman, 2004, Rice and 
Claypool, 1981, Robbins et al., 2016, Scott, 1999), and is generally supported by the data in 
Table 2-1, where an overall decreasing trend of methane yield with an increase in rank is 
demonstrated (excluding outliers, e.g. Rathi et al., 2015, Xiao et al., 2013).  
While rank represents a prominent factor for coal bioavailability, other factors also play 
important roles. For example, Jones et al. (2008) demonstrated significant variation in 
methane production from coals within the subbituminous rank (Table 2-1). The scale of 
methane yields is, however a magnitude smaller than those obtained by Gallagher et al. (2013) 
and Jones et al. (2010) on coals of the same rank. Moreover, Fallgren et al. (2013a) reported 
that bituminous coals produced more biomethane than a lower rank lignite (Table 2-1), 
whereas in a later study (Fallgren et al., 2013b), methane yields from a different lignite were 
two magnitudes higher than that of the previous lignite. The lack of consistency implies an 
important role for other controlling parameters, sufficient in these cases to override the effect 
of rank on coal bioavailability and methane production. Examples are maceral composition, 
depositional environment, and robustness of microbial inoculum, which have been shown to 
affect coal bioavailability (Colosimo et al., 2016, Furmann et al., 2013b, Gao et al., 2013, 
Scott, 1999).  
It can thereby be proposed that while low thermal maturity clearly benefits coal 
bioavailability (compared to high rank coals such as medium-volatile bituminous or higher), 
rank alone is insufficient for predicting biomethane potential of coal and there are other 
important influencing factors. The following sections will discuss other possible parameters 
that may affect coal bioavailability.    
2.2.2 Effect of Maceral Composition 
In a broad sense, coal can be considered as a mixture of fixed carbon, volatile matter, ash and 
moisture. The first two form the organic parts where energy is stored, and are composed 
primarily of C, H, O, S and N. Volatile matter comprises the parts (apart from moisture) that 
are expelled from coal when heated to high temperature (e.g. 900 ˚C), while fixed carbon is 
the organic material that is left after volatile matter is removed (Standards Australia, 2000).     
Petrographically, the organic parts of coal – fixed carbon and volatile matter, are made of 
microscopically-identifiable macerals in the same way as rocks are composed of minerals. 
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Classification of macerals are made according to original material (e.g. liptinite) or the mode 
of conservation (e.g. vitrinite and inertinite, Stach et al., 1982), into three major groups: 
vitrinite (or huminite in low rank coal), liptinite and inertinite. Their features are briefly 
summarised in Table 2-2. 
Table 2-2: Microscopic composition of coal (reproduced from Osborne, 1988; Thomas, 2012 and Taylor et al., 1998). 
Maceral group Origin Features 
Vitrinite Coalification products of humic 
substances that are derived from lignin 
and cellulose of plant cell wall or 
woody materials  
Contains higher contents of aromatics 
and oxygen 
Liptinite Derived from hydrogen-rich plant 
remains such as spores, resins, cuticles, 
waxes and fats  
Contains higher contents of volatile 
matter, aliphatics (paraffin) and hydrogen  
Inertinite Derived from same original materials as 
vitrinite and liptinite but experienced a 
different primary transformation (e.g. 
oxidation, burning)  
Rich in carbon and lacks hydrogen, 
highly aromatized  
For hard coals specifically, the maceral groups can be subdivided into individual macerals, 
each formed from a unique source. Stach et al. (1982) and Thomas (2012) summarized the 
features and origin of submacerals in Table 2-3.    
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Table 2-3: Macerals in hard coal and their origins and featuers (reproduced from Stach et al., 1982 and Thomas, 2012). 
Maceral Group Maceral Origin Morphology and features 
Vitrinite  
Telinite Cell walls of trunks, branches, 
roots, leaves 
Cellular structure, often deformed 
Collinite (or 
gelinite in 
brown coal)  
Reprecipitation of dissolved 
organic matter in a gel form 
Structureless, gel-like, cell fillings 
Telocollinite (or 
collotelinite) 
Telinite + collinite  Cellular structure (telinite), 
homogeneous, filled with collinite  
Corpocollinite Phlobaphinitic cell excretion 
of plant, wood and root tissues  
Homogeneous massive bodies, 
circular or oval shape, isolated or as 
cell fillings 
Vitrodetrinite Very early degradation of 
plant and humic peat particles 
Fragments of vitrinite 
Liptinite (or 
Exinite) 
Sporinite Cell walls of spores and pollen 
made of highly polymerised 
sporopollenin and sporin 
Fossil form, granular structure; 
Has aliphatic-aromatic skeleton 
without fatty acid anhydrides, high 
yield of tar and gas under heat, low 
solvent extractability 
Cutinite Cuticular layer of leaves, 
shoots and thin stems, made of 
cutine that is highly bio-
resistant 
Bands which may have appendages; 
High in hydrogen content, 
biopolyester composed of hydroxyl 
and epoxy fatty acids, low solvent 
extractability 
Resinite Plant resins, waxes and other 
secretions 
Cell filling layers or dispersed; 
Rich in terpenes and lipids, very rich 
in hydrogen, high solvent 
extractability 
Alginite Pila and Reinschia algae Fossil form (algae colonies); High 
hydrogen content 
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Maceral Group Maceral Origin Morphology and features 
Liptinite (or 
Exinite) 
Lipotodetrinite Fragments or degradation 
residues of spores, cuticles, 
resinous bodies or algae 
Fine fragments or detritus of 
liptinites; High hydrogen content 
and volatile matter 
Suberinite Suberin in corkified cell walls 
of barks, surfaces of roots, 
stems and fruits 
Cellular structure; Mainly polymer 
containing aromatics and polyesters 
with saturated and unsaturated fatty 
acids and oxy-fatty acids 
Bituminite Bacterial decomposition 
products of algae and faunal 
plankton, as well as bacterial 
biomass 
Amorphous, associated with 
micrinite; Can generate petroleum-
like substances in bituminous coal  
Exsudatinite Secondary maceral, produced 
from lipid materials in 
liptinites and perhydrous 
vitrinite at the beginning of 
bituminization process,  
Fillings of veins, bedding plain 
joints and empty cell lumens; Solid 
bitumen, of alphaltic nature 
Inertinite 
Fusinite Oxidised plant material – 
mostly charcoal from burning 
of vegetation 
Empty or mineral filled cellular 
structure, cell structure usually well 
preserved; Richest in carbon 
Semifusinite Partly oxidised plant material, 
intermediate formed in 
transition from fusinite to 
telinite  
Cellular structure; Contents of 
carbon and hydrogen are between 
those of fusinite and vitrinite  
Macrinite Oxidised gel material Non-granular, amorphous ‘cement’ 
Inertodetrinite Fragments or remains of 
fusinite, semifusinite, 
macrinite and sclerotinite 
Small patches of fusinite, semi-
fusinite , macrinite or sclerotinite; 
High carbon, low hydrogen 
Micrinite Secondary maceral, formed 
from lipid components of 
vitrinite and liptinites together 
with formation of petroleum-
like substances  
Granular, small rounded grains 
~1μm in diameter, finely dispersed 
in collinite filling the voids of 
vitrinite; rich in volatile matter and 
higher in hydrogen than other 
inertinites 
 
51 
 
51 
 
Maceral Group Maceral Origin Morphology and features 
Inertinite Sclerotinite Mainly fungal remains Fossil form (tubular, cellular or non-
cellular hyphae)  
Bitumen or solvent-extractable matter is usually encompassed within perhydrous vitrinite and 
liptinite (Clayton, 1993, Stach et al., 1982, Taylor et al., 1998). Hydrogen-rich liptinite 
macerals, mainly alginate, resinite, bituminite, cutinite, liptodetrinite and suberinite, are 
known to generate hydrocarbons upon thermal maturation (Stach et al., 1982). Suberinite in 
particular, has been demonstrated to produce large amounts of C12+ waxy normal 
hydrocarbons at a reflectance below 0.6 % (Khavari-Khorasani and Michelsen, 1991). At an 
early stage of bituminization, bituminite is transformed into fine-grained micrinite on the one 
hand, and petroleum-like substances on the other hand (Stach et al., 1982). Collinite in some 
hydrogen-rich coals shows strong fluorescence under microscope, indicating the presence of 
bituminous substances (Stach et al., 1982). Exsudatinite, a type of migrabitumen (Taylor et 
al., 1998) and a secondary maceral formed from waxy components of other liptinites and 
perhydrous vitrinite (Stach et al., 1982) is found in fine cracks of vitrinite as oil-like fluid 
when being irradiated with light of short wavelength (Teichmuller, 1982, Teichmuller, 1974).  
It is generally accepted that liptinite macerals are more bioavailable for conversion to 
methane due to their high oil-potential and rich hydrogen content that indicates a high degree 
of saturation (Hunt, 1979, Scott and Jones, 2000, Isbister and Barik, 1993). Degradation of 
saturated aliphatic moieties is thermodynamically more favourable than degradation of 
aromatics, especially those with polycyclic structures (Head et al., 2003, Peters et al., 2004, 
Widdel et al., 2010). Vitrinite is another important maceral as it can not only produce 
bitumen from its aliphatic perhydrous moieties, but can also function as a molecular sieve 
that retains the ‘mobile’ hydrocarbons in its fine submicroscopic pore system (Stach et al., 
1982). The latter was shown by Furmann et al. (2013a) and Furmann et al. (2013b) who 
observed a positive relation between solvent extractable matter content and the proportion of 
vitrinite due to the abundance of micropores in the maceral.  
Despite the theories, clear evidence on the bioavailability of coal macerals under 
methanogenic conditions is lacking, particularly at the level of submacerals. Among the 
limited data available (Table 2-1), no apparent trend can be observed between methane yield 
and proportion of macerals, indicating that no single parameter dominates control for coal 
bioavailability. While liptinite and vitrinite do present certain advantages in biodegradation, 
the level of their impact on biomethane production and interaction with other factors (e.g. oil 
generation is dependent on both source material and thermal maturity) requires further 
examination.    
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2.3 COAL BIOAVAILABILITY, FROM ORGANIC CHEMISTRY PERSPECTIVE 
2.3.1 Brief Introduction to Coal Structure 
Knowing the influence and limitation of coal petrographic parameters, a more in-depth 
understanding of coal bioavailability requires a closer scrutiny of coal organic structure. 
Attempts to characterise coal structure started as early as the 1950s (Speight, 1978). However, 
limited by analytical technologies, structural models proposed by early workers are mainly 
aliphatic, which violates the current picture of coal (Speight, 1978). Hayatsu et al. (1975) was 
one of the first researchers who proposed a comprehensive structural model for coal aromatic 
cores (excluding side chains) based on an Illinois bituminous coal using pyrolysis (250 ˚C) 
coupled to Na2Cr2O7 oxidation. The model is shown in Fig. 2-1. Individual core units contain 
1 to 3 aromatic rings, which are either fused with each other or connected via a cyclic 
aliphatic structure (Fig. 2-1). The aromatic cores are then jointed with each other via acyclic 
linkages (Hayatsu et al., 1975). The majority of units contain heteroatoms which form 
functional moieties of furan, ketone, quinone, dioxin, thiophene, pyridine, indole, and 
acridone (Fig. 2-1). 
Another comprehensive structural model was elucidated later by Fakoussa and Hofrichter 
(1999), and is shown in Fig. 2-2. The beauty of this work is that it demonstrates the change of 
coal structure in different ranks. From humic acid to subbituminous, intensity of aromatic 
units increases significantly with elimination of metal bridges, ether bonds, and carboxylic 
groups (Fig. 2-2). Transformation of subbituminous to bituminous coal is featured by 
elimination of hydroxyl groups and condensation of coal structure, forming polycyclic 
aromatic rings. In the highest rank of anthracite, the coal becomes highly polymeric with 
more than 10 fused rings per core unit (Fig. 2-2). The change in coal structure is consistent 
with the coal maturation pattern described in Section 2.2.1. Nevertheless, due to the great 
complexity and heterogeneity of coal, a precise and universal coal structure model is not 
feasible as it is likely to be influenced by a range of factors, including thermal maturity, 
source material, coalification and depositional environment amongst many other factors 
which vary in different basins.  
The organic part of coal can be considered as two parts – kerogen and bitumen (or solvent-
extractable matter). Kerogen (or macromolecules), the structure which the models depict  in 
Fig. 2-1 and Fig. 2-2, forms the major hydrocarbon skeleton of coal, and is polymerised and 
cross-linked, giving a massive molecular size (Hayatsu et al., 1981a, Hayatsu et al., 1981b). 
Microbial degradation of kerogen would require extracellular enzymatic action to facilitate 
chemical bond cleavage, producing molecular fragments with sizes suitable for cellular 
uptake (Fakoussa and Hofrichter, 1999). To date, anaerobic depolymerisation of kerogen by 
microorganisms is still hypothetical. No clear evidence, on a molecular level, has been 
provided for the process, particularly in coals with rank higher than lignite. Some researchers 
observed conversion of lignite to humic acids and volatile fatty acids under anaerobic 
conditions using termite gut cultures (Srivastava and Walia, 1997). However, the enzymatic 
pathway was not characterised, nor is it likely to be effective on higher rank coals, since these 
have significant structural differences.  
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In comparison, solvent-extractable matter contains the entities smaller in molecular size and 
rich in saturated moieties (Section 2.2.2), which present a higher chance for cellular uptake 
and biodegradation. Harris et al. (2009) and Jones et al. (2013) claimed that coal 
(subbituminous) bioavailability is largely limited to the solvent-extractable matter. The 
following sections provide a review of the composition of coal solvent-extractable matter.  
 
Figure 2-1: Aromatic units in a bituminous coal (Hayatsu et al., 1975). 
 
Figure 2-2: Putative monomeric structure of coal molecules of different ranks (Fakoussa and Hofrichter, 1999) 
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2.3.2 Water-Soluble Fraction 
Although coal is considered largely hydrophobic, hydrocarbons have been detected in water 
eluents of coal, either from the original bitumen portion or as intermediates of in-situ coal 
biodegradation (Jones et al., 2010, Orem et al., 2007, Orem et al., 2010, Orem et al., 2014, 
Robbins et al., 2016a, Zheng et al., 2017). Acetic acid is a common volatile fatty acid (VFA) 
adsorbed to coal, and is a well-known fermentation product and methanogenic precursor 
(Robbins et al., 2016a, Zheng et al., 2017). Robbins et al. (2016a) reported the presence of 
acetic acid in a number of coal samples with ranks from lignite to high-volatile-bituminous. 
The highest concentration observed was 1.39 mg/g coal (Robbins et al., 2016a). The authors 
identified a strong correlation between acetic acid concentration and biomethane yield, 
suggesting its importance to coal bioconveratability (Robbins et al., 2016a). Other VFAs such 
as formic acid and oxalic acid were also observed in low rank coals (lignite, subbituminous 
and high volatile bituminous; Glombitza et al., 2009b). Jones et al. (2010) reported the 
presence of traces of longer chain fatty acids such as dodecanoic acid, tetradecanoic acid, and 
hexadecanoic acid, as well as long-chain alkanes (C22 to C36), and phenols in aqueous 
solution of raw coal (subbituminous). These hydrocarbons were found to be substantially 
biodegraded with sufficiently long incubation time (Jones et al., 2010). Other compounds 
such as carboxylated aromatics, phenolic compounds, aldehydes and ketones were also 
reported in water solutions of coal bioassay (Jones et al., 2013).  
A more comprehensive characterisation was given by Orem et al. (2014) and Orem et al. 
(2007), focusing on organic compounds in coal formation or produced water. Content of total 
dissolved organic carbon (DOC) ranged from < 1 to 61 mg/L in different samples, with the 
majority below 5 mg/L (Orem et al., 2014). Acetic acid was detected at concentrations 
ranging from < 0.1 to 53.7 mg/L (Orem et al., 2014). It was the only VFA observed. Other 
compounds include polycyclic aromatic hydrocarbons (PAH) and functional derivatives of 
PAH, benzene derivatives, phenols, aromatic amines, biphenyls, aromatic heterocyclic 
compounds containing N, S, and O, as well as aliphatic hydrocarbons including n-alkanes, 
fatty acids, terpenoids, ethers, cyclic aliphatic compounds (Orem et al., 2014, Orem et al., 
2007). PAHs and their derivatives were said to occur most frequently. Common PAHs 
include naphthalene, fluorene, indene, anthracene, phenanthrene, pyrene and their derivatives, 
with a dominance of two- and three-ringed compounds. Heterocyclics are mainly derivatives 
of quinoline, dibenzothiophene, benzothiozole, pyrazine and pyridine (Orem et al., 2007). 
The concentration of individual dissolved hydrocarbons in the water samples are low, with 
the majority being below 1 µg/L (Orem et al., 2007). This is consistent with their 
hydrophobicity. Bioavailability of the organic compounds in formation water was not 
provided by the authors.  
Transfer of hydrocarbons from coal to formation water can occur either by direct leaching or 
through microbial conversion, in which intermediary compounds are formed. Composition of 
the intermediates may vary significantly, depending on the variety and robusticity of the 
indigenous microbial community, as well as environmental factors (e.g. temperature, salinity, 
mineral composition etc.). This may in turn, affect the bioavailability of coal (in laboratory 
bioassays) to which the intermediates are adsorbed. In addition, indigenous microbial 
consortia with a strong hydrocarbon-degrading capacity may deplete bioavailable compounds 
55 
 
55 
 
in-situ (Gao et al., 2013), reducing or eliminating the biomethane potential of coal samples 
taken for laboratory bioassays. Coal bioavailability as measured in laboratory experiments 
reflects the character of the sample as received, and the common petrographic parameters 
such as rank and macerals cannot reveal prior depositional changes, possibly accounting for 
why these factors are unreliable as the sole predictors for coal bioavailability. Chemical 
extraction of coal hydrocarbons in water solution allows for undisturbed volumes of the coal 
to be probed, but it must also be recognised that due to the great hydrophobicity of coal, 
recovery is limited and may be subjected to several biases.  
1) Evaporative loss of compounds during concentration of the water samples – Due to the 
low concentration of dissolved hydrocarbons, filtered water samples must be concentrated 
(usually by evaporation) by hundreds of folds in order to meet the detection limits of GC-
MS (Jones et al., 2010, Orem et al., 2014, Orem et al., 2007). Volatile compounds in 
aqueous solution are likely to be lost during this process. 
2) Low solubility of hydrophilic compounds in organic solvents – Most gas 
chromatography-mass spectrometry (GC-MS) used for compound identification are not 
suitable for water injection due to the damage of water to MS. Therefore, dissolved 
organics in water samples need be recovered by a non-water-miscible organic solvent via 
liquid-liquid extraction. Compounds with hydrophilic nature are not likely to be extracted 
by this process. 
3) Adsorption loss to filter membranes – Hydrophobic organics in water solutions are 
unstable and tend to adsorb to a hydrophobic surface. Since formation water samples need 
to be filtered prior to analysis, hydrocarbons might be lost via adsorption to filter 
membranes.   
To compensate for the potential loss of volatile compounds (such as VFAs), a GC with 
suitable column may be used for identification and quantification of VFAs and short chain 
alcohols (directly on water sample) with the help of standards (containing known compounds 
with known concentrations). The difference in the organic solvent-extractable matter of raw 
and water-extracted coal may also give information on water-soluble compounds. Since coal 
is largely hydrophobic, a more comprehensive characterisation of coal solvent-extractable 
matter demands a look at the organic solvent extract.    
2.3.3 Organic-Solvent-Extractable Fraction 
Due to the high hydrophobicity of coal materials, an effective recovery of coal extractable 
matter requires the use of organic solvents. Dichloromethane (DCM) and methanol are the 
two most popular solvents for extracting coal since they have small molecular size and high 
compatibility with both polar and non-polar hydrocarbons (Fabiańska et al., 2013, Furmann 
et al., 2013a, Furmann et al., 2013b, Gao et al., 2013, Romero-Sarmiento et al., 2011). Some 
studies also used cyclohexane (mainly targeting non-polar compounds), pyridine, benzene, 
chloroform, and ethanol for recovery of coal organics (Fabiańska et al., 2013, Harris et al., 
2008, Romero-Sarmiento et al., 2011). The extracts are usually concentrated via evaporation 
or freeze-drying before being analysed using a GC-MS. One of the most typical applications 
of organic-solvent extraction in coal science is biomarker study, which aims to track the 
source materials of coal or to acquire information on coalification conditions or environment. 
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Biomarker studies have classified coal extractable compounds into several categories, mainly 
n-alkanes, acyclic isoprenoids, diterpenoids, hopanoids, steroids, polymeric aromatic 
hydrocarbons and their derivatives, and heterocyclic aromatic hydrocarbons (e.g. Ahmed and 
Smith, 2001, Ahmed et al., 1999, Fabiańska et al., 2013, Gao et al., 2013, Hazai et al., 1989, 
Romero-Sarmiento et al., 2011, Stojanović and Životić, 2013). Recent studies on coal 
bioconversion have further expanded the library of extractable coal hydrocarbons with 
addition of acyclic esters, alcohols, carboxylic acids, amines, phenolics, and benzene 
derivatives (Furmann et al., 2013a, Glombitza et al., 2016, Glombitza et al., 2009a, 
Glombitza et al., 2009b, Jones et al., 2013). Composition of coal solvent-extractable matter 
varies with a range of factors such as rank (Fabiańska et al., 2013), maceral composition 
(Furmann et al., 2013b), burial depth (Gao et al., 2013), and level of indigenous microbial 
activities (Gao et al., 2013). While the high variability is acknowledged, a qualitative review 
of these compounds in different coals may provide a general idea for what to expect in the 
samples of this thesis.  
2.3.3.1 Aliphatic hydrocarbons 
2.3.3.1.1 n-Alkanes 
n-Alkanes in coal organic extracts fall primarily in the range of C13 to C37 (Furmann et al., 
2013b, Fabiańska et al., 2013, Romero-Sarmiento et al., 2011). Odd-carbon-numbered chains 
usually predominate over even-carbon-numbered homologues (Fabiańska et al., 2013, 
Furmann et al., 2013b, Romero-Sarmiento et al., 2011), indicating an origin of epicuticular 
leaf waxes from terrigenous plants (Brooks et al., 1969, Didyk et al., 1978, Eglinton and 
Hamilton, 1967, Reddy et al., 2000). This predominance generally diminishes with an 
increase in rank (Peters etl al., 2004), but was seen to increase slightly with thermal maturity 
within bituminous rank (Fabiańska et al., 2013). n-Alkanes are rich in the liptinite macearls 
cutinite and resinite (Stach et al., 1982), but can also be produced from thermal 
decomposition of suberinite (Khavari-Khorasani and Michelsen, 1991).  
Biodegradation of n-alkanes in coal under anaerobic conditions has been widely 
demonstrated (Ahmed and Smith, 2001, Ahmed et al., 1999, Furmann et al., 2013b, Gao et al., 
2013). Shorter-chain homologs are generally believed to be more bioavailable, shown by an 
absence or reduced proportion of low-molecular-weight (LMW) n-alkanes in coal seams with 
active biogenic methane production (Ahmed and Smith, 2001, Ahmed et al., 1999, Gao et al., 
2013). The proportion of LMW n-alkanes was also found to increase with burial depth as 
shallower coals have a higher chance of exposure to oxic groundwater carrying hydrocarbon-
degrading microorganisms (Gao et al., 2013). Such a relation with depth was supported by 
Formolo et al. (2008) who observed minimal biodegradation of saturated hydrocarbons in the 
deepest coal samples. Laboratory bioassays, however, showed an opposite result. Furmann et 
al. (2013b) reported shortening of n-alkane chain length in biodegraded (anaerobic) organic 
solvent extract of coal. Elimination of shorter-chain homologs (C15 – C22) was found to be 
between 55 -60% while that of longer-chain n-alkanes was up to 80% (Furmann et al., 2013b). 
The discrepancy may be due to the difference in accessibility of compounds as Furmann et al. 
(2013b) used solvent-extract instead of coal particles as the substrate (i.e. long-chain n-
alkanes are more accessible from organic extracts than from coal matrix as diffusion of long-
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chain n-alkanes from pores is slower than short-chain homologs due to the greater 
hydrophobicity).  
The evidence of n-alkanes bioavailability is important for the overall bioconversion of coal as 
they usually form a significant part of coal extractable matter, especially in samples of 
perhydrous nature (Ahmed and Smith, 2001, Ahmed et al., 1999, Furmann et al., 2013b, Gao 
et al., 2013, Scott, 1999).  
2.3.3.1.2 Acyclic Isoprenoids 
Acyclic isoprenoids are important coal biomarkers, providing information on source organic 
matter, environmental history, and the extent of microbial bio- and thermal degradation of the 
coal. They include, for examples the Pr/Ph, Pr/n-C17, and Ph/n-C18 ratios, and others. They 
are found in the range of C14 to C21 with predominance in pristane (Pr, C19) and phytane (Ph, 
C20) in Polish bituminous and Scottish subbituminous coals (Fabiańska et al., 2013, Romero-
Sarmiento et al., 2011). Pristane usually occurs in a higher abundance than phytane in coals 
(Fabiańska et al., 2013, Furmann et al., 2013b, Gao et al., 2013, Romero-Sarmiento et al., 
2011) due to the terrigenous nature of source plant (Brooks et al., 1969, Peters et al., 2004, 
Peters and Moldowan, 1993). High Pr/Ph ratio may also indicate an oxic or suboxic 
palaeoenvironment during diagenesis (Didyk et al., 1978, Peters et al., 2004, Peters and 
Moldowan, 1993). The proportion of acyclic isoprenoids to n-alkanes is inversely related 
with rank, demonstrated by an increase in Pr/n-C17 and Ph/n-C18 ratios in Polish bituminous 
coals with higher thermal maturity (Fabiańska et al., 2013). 
Acyclic isoprenpoids are known for their relatively high resistance to biodegradation 
(Furmann et al., 2013b, Gao et al., 2013), the property which makes them suitable as a 
biomarker. In Furmann et al.’s (2013b) laboratory study, no degradation of isoprenoid was 
observed in a bioassay fed with coal extracts. Consequently, phytane has frequently been 
selected as the refractory compound for quantifying n-alkane degradation in a number of 
studies (Furmann et al., 2013b, Gao et al., 2013). Biodegradation of acyclic isoprenoids do 
occur, but usually after n-alkanes are depleted (Peters et al., 2004).   
2.3.3.1.3 Diterpenoids and Pentacyclic Triterpenoids (Hopanoinds)  
The presence of diterpenoids in coal is generally less reported compared to the above two 
classes. Tricyclic and tetracyclic diterpenoids were found in low abundance in Polish 
bituminous coals (Fabiańska et al., 2013). Dicyclic and tricyclic diterpenoids were also 
detected in a Fu-shun bituminous coal (Liu et al., 1991). Bioavailability of these compounds 
has not been reported, but may reasonably be assumed to be low, due to the polycyclic nature 
and structural similarity (but higher molecular weight) to acyclic isoprenoids.   
Pentacyclic triterpenoids, or hopanoids, are another common group of biomarkers in coal. 
They are comprised of mainly two geochemical diastereomers: 17α,21β(H)-hopanes (or the 
αβ hopanes) and 17β,21α(H)-hopanes (also known as mortanes or βα hopanes), though a less 
common biochemical diastereomer of 17β,21β(H)-hopanes (or ββ hopanes) was also reported 
(Fabiańska et al., 2013, Furmann et al., 2013b, Gao et al., 2013, Liu et al., 1991). αβ Hopanes 
were found in the range of C27 to C34, predominating over βα hopanes in Polish bituminous 
and Scottish subbituminous coals (Fabiańska et al., 2013, Romero-Sarmiento et al., 2011). 
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Abundance of βα hopanes decreased slightly with rank while that of αβ hopanes remained 
constant within the Polish bituminous coals (Fabiańska et al., 2013). 
Hopanes are established as being hhgly recalcitrant to biodegradation (Furmann et al., 2013b, 
Gao et al., 2013, Peters et al., 2004), consistent with their large molecular size and the 
polymeric structure. In Furmann’s et al. (2013b) laboratory experiment, hopanes in coal 
extract were barely degraded. Due to this recalcitrance, hopanes are often selected as 
refractory compounds for characterising bioconversion of other aliphatic and aromatic 
biomarkers (Furmann et al., 2013a, Furmann et al., 2013b, Gao et al., 2013). 
2.3.3.1.4 Steroids 
Sterane and diasteranes were reported in Polish bituminous coals (Fabiańska et al., 2013), 
Scottish subbituminous coals (Romero-Sarmiento et al., 2011), Bowen Basin bituminous 
coals (Ahmed et al., 1999), and Sydney Basin bituminous coals (Ahmed and Smith, 2001). 
The identified steroids range from C27 to C29. Steranes were generally dominated by C29 ααα-
sterane, while diasteranes were mainly C29 βα diastereomers (Ahmed and Smith, 2001, 
Ahmed et al., 1999, Fabiańska et al., 2013, Romero-Sarmiento et al., 2011). The presence of 
these compounds marks eukaryotes source material, while high C29 steranes abundance 
relative to C28 and C27 indicates terrigenous origin of coals (Ahmed et al., 1999, Peters et al., 
2004). 
Ahmed et al. (1999) and Ahmed and Smith (2001) reported that steroids in coal showed no 
signs of alteration in response to biodegradation, as might be expected given the large 
molecular size and polymeric structure.  
2.3.3.1.5 Other Aliphatic Hydrocarbons 
In addition to the conventional biomarkers, acyclic fatty acids, alcohols and ester have also 
been reported in abundance in coal solvent-extractable matter (Glombitza et al., 2016, 
Glombitza et al., 2009a, Glombitza et al., 2009b). Glombitza et al. (2009a) identified a range 
of n-fatty acids and n-alcohols in ester-bound form within a group of New Zealand coals with 
vitrinite reflectance (R0) of 0.27 to 0.8%. Specifically, n-alcohols ranged from C14 to C30, 
demonstrating a dominance around C22 and C24. Even-carbon-numbered members 
predominated over odd-carbon-numbered homologs, indicating an origin from higher 
terrigenous plants (Eglinton and Hamilton, 1967, Oldenburg et al., 2000). Low rank coals (R0 
< 0.3%) demonstrated an elevated level of n-alcohols (up to ~ 4mg/g DOC, more abundant 
than fatty acids), which concentration decreased rapidly with rank (Glombitza et al., 2009a). 
n-Fatty acids ranged from C6 to C32, showing a bimodal distribution with a first maximum 
around C16 and C18, and a second around C24 and C26 (Glombitza et al., 2009a).  
The shorter-chain homologs hexadecanoic acid (C16) and octadecanoic acid (C18) are part of 
bacterial cell membrane phospholipids (White et al., 1979, Zink et al., 2003), suggesting a 
possible input from bacterial biomass during coalification. Long-chain fatty acids displayed a 
predominance of even-carbon-numbered members (Glombitza et al., 2009a), signifying an 
origin of terrigenous plant (Eglinton and Hamilton, 1967). Abundance of fatty acids 
decreases during diagenesis, and intermittently increases during early catagenesis (R0: 0.52 – 
0.8%; Glombitza et al., 2009a). The increase in the later phase was attributed to the 
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enrichment of shorter-chain homologs (< C19), which were initially bound to kerogen but 
released upon themolysis (Glombitza et al., 2009a). Bioavailability of n-fatty acids has been 
widely shown in laboratory bioassays by Jones et al. (2010), Pereira et al. (2005), Sousa et al. 
(2007), and Hatamoto et al. (2007c). In contrast, biodegradation of long chain fatty esters and 
alcohols under anaerobic conditions has not been much reported. 
Lievens et al. (2013) identified a number of aliphatic ethers, aldehydes, and ketones in the 
pyrolysis product of a low rank coal. Ether bonds play an important role in connecting 
different aryl moieties, and aryl and aliphatic groups in coal (Lievens et al., 2013, Nomura et 
al., 1998). Carbonyl groups in aldehydes and ketones may be formed via oxidation of 
hydroxyl groups. Zhu et al. (2015) also reported the presence of aliphatic amines and amides 
in a high-temperature coal tar. Knowledge of these compounds in coal is, however, rather 
limited, presumably due to low concentration, and a lack of particular research interest (i.e. 
not typical biomarkers). In terms of bioavailability, heterogeneous moieties usually represent 
an activation site for microbial degradation (Strąpoć et al., 2011). The polar groups also 
increase the solubility of compounds in aqueous solution, making them important targets 
when characterising bioavailable compounds in coal.   
2.3.3.2 Aromatic Compounds 
2.3.3.2.1 Naphthalene, Polycyclic Aromatic Hydrocarbons (PAHs) and Derivatives  
Naphthalene, polycyclic aromatic hydrocarbons (PAHs) and their derivatives are the most 
frequently reported aromatic compounds in coal solvent extracts (Ahmed and Smith, 2001, 
Ahmed et al., Fabiańska et al., 2013, 1999, Furmann et al., 2013b, Gao et al., 2013, Peters et 
al., 2004, Romero-Sarmiento et al., 2011,). In the Polish bituminous coals, they occurred 
primarily in the range of 2-5 fused rings, comprised mainly of naphthalene, phenanthrene, 
anthracene, fluorene, pyrene, fluoranthene, benzoanthracene, chrysene, trisphenylene, 
benzofluoranthene, benzopyrenes and perylene (Fabiańska et al., 2013). Most of them were 
also observed in other samples such as Scottish subbituminous coals (Romero-Sarmiento et 
al., 2011), Bowen Basin bituminous coals (Ahmed et al., 1999), and Sydney Basin 
bituminous coals (Ahmed and Smith, 2001). Alkylated derivatives occur typically in the form 
of C1 to C5 alkyl chains, the concentration of which decreases with length of the chains 
(Fabiańska et al., 2013). Alkylnaphthalenes, phenanthrene, and alkylphenanthrenes have been 
identified as the most abundant PAHs in several studies (e.g. Ahmed and Smith, 2001, 
Ahmed et al., 1999, Fabiańska et al., 2013, Romero-Sarmiento et al., 2011). Besides the 
common members, other compounds such as retene, cadalene, simonellite, bisnorsimonellite, 
tetrahydroretene, diaromatic totarane, diaromatic sempervirane, methylretene, fluoranthene, 
benzo[a]anthracene, chrysene, triphenylene and dibenzothiophene have also been reported in 
organic extracts of coal (Ahmed et al., 1999, Romero-Sarmiento et al., 2011).  
In Furmann et al.’s (2013b) laboratory bioassay, 6-58% of aromatic biomarkers in coal 
solvent extract were eliminated. Naphthalenes appeared to be more extensively degraded 
compared to the three-ring PAHs, and then the four-ring compounds (Furmann et al., 2013b). 
The observation is supported by Ahmed et al. (1999) and Gao et al. (2013), indicating an 
increasing recalcitrance to biodegradation with an increase in the number of rings. More 
60 
 
60 
 
specifically, Ahmed et al. (1999) and Peters et al. (2004) pointed out the susceptibility of 
PAHs to anaerobic biodegradation in decreasing order: naphthalenes > fluorenes > 
phenanthrene > dibenzothiophene > pyrenes. Chang et al. (2002) expanded the sequence by 
observing the trend: phenanthrene > pyrene > anthracene > fluorene > acenaphthene, with a 
general extent of 60 – 100% degradation using soil microorganisms. The preference, however, 
failed to be proved in other studies. A different order of biodegradability (acenaphthene > 
fluorene > phenanthrene > anthracene > pyrene) was observed for the same set of PAHs 
using inocula from river sediment (Yuan and Chang, 2007).  
The conflicting evidence may suggest that the bioavailability of PAHs depends on the 
composition of microbial community. For alkylated compounds, the susceptibility was 
described as: parental structure > methyl- > dimethyl- > ethyl- > trimethyl- > tetramethyl- 
(Ahmed et al., 1999, Peters et al., 2004). This order of preference was also evidenced by 
Formolo et al. (2008) across a range of alkylated naphthalenes and phenanthrenes from coal 
extracts. Gao et al. (2013) reported that coals with evident signs of in-situ microbial 
degradation turned out to have a higher extent of alkylation and ring condensation. This is 
likely due to a preferential elimination of unsubstituted, low molecular weight constituents, 
further confirming the statements above. In Gao et al.’s (2013) study, extent of aromatic 
biomarkers degradation also generally decreased with coal depth. However, the strongest 
signs of bioelimination occurred in particular strata with presumably more fractures and 
cleats that might have facilitated microbe ingress via groundwater (Formolo et al., 2008, Gao 
et al., 2013).  
2.3.3.2.2 Monocyclic Aromatic Hydrocarbons and Biphenyls 
Monocyclic aromatic hydrocarbons in organic extracts of coal have not been widely reported, 
perhaps due to the fact that they are not common biomarkers, and are easily lost via 
evaporation during sample preparation and solvent extraction (and thus often missed). 
Nevertheless, the presence of these compounds is warranted, especially in lower rank coals 
that are less structurally condensed and rich in heterogeneous linkages (e.g. ether bonds, as 
described in Section 2.3.1), which upon cleavage may release molecules with single aromatic 
cores. Fabiańska et al. (2013) detected C3 alkylated phenols, C3-C4 alkylbenzenes, 3-
acetylanisole, 2,3-dimethylanisole, 3-hydroxy-4-methylbenzaldehyde and cuminol in Polish 
bituminous coals. Romero-Sarmiento et al. (2011) observed alkyl biphenyls in Scottish 
subbituminous coals. Literally, all compounds that have been found in the water solution of 
coals or in coal seam gas produced water can occur in organic solvent extracts. This supports 
the presence of alkylbenzenes, carboxylated benzenes, and phenolics (detailed in Section 
2.3.2), though the concentrations may be low compared to other compounds (e.g. PAHs, n-
alkanes). Biodegradation of monocyclic aromatic hydrocarbons have been widely 
demonstrated under methanogenic, sulphate-reducing, nitrate-reducing (or denitrifying), and 
Fe(III) ion reducing conditions. This will be discussed further in Section 2.5.4.3. 
2.3.3.2.3 Heterocyclic Aromatic Hydrocarbons 
Heterocyclic aromatics in coal extractable matter occur frequently in the form of furans. 
Dibenzofuran and its C1-C4 alkylated derivatives are the most commonly identified 
compounds of this kind (Fabiańska et al., 2013, Romero-Sarmiento et al., 2011). In 
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comparison, sulphur- and nitrogen- atom containing heterocyclic compounds are present in 
lower abundance. Quinoline and its methyl derivatives, and dibenothiophene and its alkyl 
derivatives are the major nitrogen-containing and sulphur-containing heterocyclics, 
respectively (Ahmed et al., 1999, Fabiańska et al., 2013). The heterocyclic structures are 
generally consistent with those of the aromatic units elucidated by Hayatsu et al. (1975) in 
Fig. 2-1. Biodegradation of dibenzofuran and quinoline has been evidenced by Guieysse and 
Mattiasson (1999) who observed over 90% elimination of the compounds under nitrate-
reducing condition. Similar results were obtained by Adriaens et al. (1995), Mundt et al. 
(2003), and Rockne and Strand (1998). Biodegradation of benzo[b]thiophene has also been 
reported under sulphate-reducing (Kim et al., 1990, Mundt et al., 2003, Onodera-Yamada et 
al., 2001) and nitrate-reducing conditions (Mundt et al., 2003).  
Despite the effort in previous studies, current knowledge on the composition of coal solvent 
extractable matter is still incomplete and limited to the groups that are of interest to 
conventional biomarker studies. Other compounds that occur at lower abundance but display 
high bioavailability (e.g. short-chain aliphatics and monomeric aromatics with heterogeneous 
moieties) might have been overlooked. Characterisation of coal solvent extracts for the 
purpose of evaluating coal bioavailability has also just started to gain interest (Furmann et al., 
2013b, Jones et al., 2013). Even so, interpretation of results (i.e. classification of compounds), 
especially for the organic solvent extracts, still followed the old paradigm of coal biomarker 
studies (Furmann et al., 2013a, Furmann et al., 2013b). Saying that, future research on 
biogenic methane production from coal will benefit from a more comprehensive profile of 
coal solvent-extractable matter, focusing particularly on compounds that have high 
bioavailability.  
In addition, since coal bitumen is made of largely hydrophobic compounds, mass transfer of 
the extractable matter from coal to water presents a major constraint on the overall rate of the 
bioconversion process (Guieysse and Mattiasson, 1999, Papendick et al., 2011). A pertinent 
definition of bioavailability should, therefore, incorporate both the physical accessibility of 
compounds in aqueous media and the biochemical degradability under microbial action. The 
former is briefly discussed in Section 2.4 below, while the latter is given in Section 2.5.   
2.4 COAL BIOAVAILABILITY, FROM PHYSICAL FACTORS 
2.4.1 Surface Area – Fracture and Cleat Development in Coal Seams 
Laboratory studies have demonstrated the importance of coal surface area, a physical 
constraint, on the yield and rate of biomethane from coal (Gilcrease and Shurr, 2007, Green 
et al., 2008, Papendick et al., 2011). Particularly, Papendick et al. (2011) reported the 
methane yield from Surat Basin Walloon coal increased by approximately 50% in < 300 µm 
size fraction compared to the 300 – 600 µm fraction. Since hard coals contain mainly 
mesopores and micropores that are inaccessible to microbes, and intraparticle diffusion of 
coal organics is very slow, coal bioavailability will largely rely on the surface materials and 
therefore surface area that increases with decreases in grain size (Papendick et al., 2011). In 
natural coal seams, such surface area may be provided by cleats and fracture systems. 
Although not of particular interest in this thesis (all experiments are based on coal powder as 
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stated in Section 1.3), interconnected cleats and open fractures are highly important for coal 
seam gas production as they act as conduits for gas and water flow (Laubach et al., 1998). 
These will hence be briefly discussed for the completeness of this review.  
A cleat is defined as an opening-mode fracture, or joint, in coal (Close, 1993) that generally 
have apertures less than 0.1 mm at surface conditions (Laubach et al., 1998). A fracture is any 
break or discontinuity caused by stresses exceeding the strength of coal (Kulander et al., 
1990). Most cleats are small in length and height, usually a few centimetres, though some 
master cleats can extend to decimetres or meters (Laubach et al., 1998).  Fig. 2-3 illustrates 
the typical orientation of cleat systems in coal seams.  
 
Figure 2-3: Cleat systems in coal seams. (a) Face and butt cleats. (b) Cleat hierarchies in cross-section view (reproduced 
from Laubach et al., 1998).  
A most typical form of cleat is the face and butt cleat system (Close, 1993). A face cleat is a 
through-going cleat (Fig. 2-3a) which forms first, whereas butt cleats that form later are 
shorter in length, commonly orthogonal to face cleats and end at intersections with face cleats 
(Laubach et al., 1998). Face and butt cleat systems are the primary and secondary 
permeability avenues respectively for gas and water in coal (Close, 1993). Particularly, 
coalbed permeability in the face cleat direction may be 3 to 10 times larger than in other 
directions, suggesting that the length of interconnected fractures is greater in that direction 
(Laubach et al., 1998). Vitreous coal lithotypes that are rich in vitrinite macerals are said to 
be favourable for cleat development (Close, 1993, Laubach et al., 1998). Cleats are usually 
terminated at the interface of vitreous and non-vitreous macerals and coal and non-coal 
deposits (Close, 1993). The abundance of cleats can be reflected by cleat spacing which is 
defined in Fig. 2-3a. Cleat spacing is influenced by coal rank, decreasing from lignites to 
medium- and low-volatile bituminous coal, followed by an increase through anthracite (Ting, 
1977). Coals with low ash content and thinner bed thickness tend to have smaller cleat 
spacing and therefore more cleats per unit volume (Close, 1993).  
Generation of cleats in coal is believed to follow two general pathways: endogenetic and 
exogenetic (Ting, 1977). Endogenetic cleats are formed via differentially and vertically 
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compactional folding of brittle coalbeds (Flores, 2014) or contraction of the coal seam in 
response to desiccation, lithification or volatilization during coalification (Close, 1993, 
Laubach et al., 1998). In particular, shrinkage of coal as a result of lithotype desiccation is the 
key to intense fracture development (Laubach et al., 1998). It is also likely the cause of 
decreased cleat spacing when rank increases (Close, 1993). Shrinkage of coal may also occur 
via cleavage of cross-linked, oxygen-bearing functional groups during coalification, leading 
to additional cleat development (Laubach et al., 1998). On the other hand, cleats may be 
removed by annealing process caused by repolymerization of the coal structure at a later 
stage of coalification (Levine, 1993). This may account for the increase in cleat spacing in 
anthracites. Exogenetic cleats are formed as a result of paleotectonic or neotectonic stresses 
that cause uplift or folding of coalbeds (Close, 1993). The significance of this pathway makes 
cleat formation in low rank coals possible (Close, 1993). Evidence shows that cleat 
development occurs in coal as early as vitrinite reflectance of 0.3 (Laubach et al., 1998). 
Tectonic movement may also be responsible for generation of larger fractures and joints that 
extend across whole or part of coal seam (Close, 1993). Besides that, pressure exerted by 
fluids such as gas and water can impart tensile stress on coalbeds, causing tension fractures 
(Secor, 1965). Fluid pressure has been reported to contribute to cleat genesis in coal seams 
with active gas production (Close, 1993).  
In conclusion, from the perspective of cleat development and surface area, biomethane 
production may be favourable in coal seams that have experienced active tectonic movement 
and are bituminous in rank with a high proportion of vitrinite. Methane yield from laboratory 
bioassay based on coal powder is however, not likely to be affected by the extent of cleat 
development.    
2.4.2 Surface Area – Porosity 
The porosity system of a coal seam is generally composed of two key parts, the larger cleats 
and fractures described above and the much smaller pores (Moore, 2012). The coal matrix 
contains a considerable number of pores that can provide a surface area of as much as 115 
m
2
/g coal (Şenel et al., 2001). Gray (1987) reported that over 95% of gas in coal is stored in 
micropores. Pores are classified by size into three types: macropores, mesopores and 
micropores. Macropores have diameter > 50 nm, mesopores are between 2 and 50 nm, and 
micropores are smaller than 2 nm in diameter (Gan et al., 1972). Characteristics of pores are 
significantly dependent on coal rank and maceral composition (Flores, 2008, Moore, 2012). 
Levine (1996) reported a general decreasing trend in the abundance of macropores in contrast 
to the increasing amount of micropores as rank increases. Yao et al. (2011) concluded that the 
pore size of low-rank coal is on average, larger than that of high-rank coals. More specifically, 
Rodrigues and Lemos de Sousa (2002) speculated that micropores are dominant in coals with 
ranks of high-volatile bituminous A or higher, mesopores dominate the high-volatile 
bituminous C and B coals, and macropores dominate lignite and subbituminous coals. In 
contrast, Yalçin et al. (2002) demonstrated an initial decrease of micropore volume with coal 
rank up to vitrinite reflectance (R0) of 1.0% in Turkish bituminous coal. This was followed 
by an increase in microporosity upon further maturation. The contradictory evidence 
indicates that there are likely other factors that can affect coal porosity within a narrow range 
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of rank. An important example is maceral composition (Flores, 2014). Vitrinite has been 
well-regarded as the single most important maceral for microporosity (Bustin and Clarkson, 
1998, Clarkson and Bustin, 1996, Flores, 2014, Unsworth et al., 1989). Chalmers and Bustin 
(2007) demonstrated that Australian coals that are richer in brighter lithotypes (i.e. vitrinite-
rich) contain a larger pore volume than those rich in dull bands. Specifically, telovitrinite has 
been associated with intense development of micropores within an iso-rank series of coals 
(Chalmers and Bustin, 2007). Inertinites in contrast, have a greater abundance of macro- and 
mesoporosity (Adeboye and Bustin, 2013, Clarkson and Bustin, 1996, Lamberson and Bustin, 
1993). Adeboye and Bustin (2013) reported that coal permeability is greatest in inertinite-rich 
coals where macro- and mesoporosity dominate over microporosity. Liptinite macerals were 
also found to contain mainly macropores (Harris and Yust, 1976). Since only macropores are 
sufficiently large to accommodate microbes (Scott, 1999), coals that are rich in liptinite and 
inertinite may provide a higher surface area for direct microbial colonization. On the other 
hand, micropores, though not accessible to microorganisms, may act as a storage for the 
solvent-extractable matter, and could therefore, still be important for coal bioavailability.   
2.5 BIOCHEMICAL PATHWAYS UNDERLYING COAL METHANOGENESIS 
2.5.1 General Mass Balance of Biomethane Production from Coal 
For the purpose of evaluating coal bioconversion extents and tracking carbon and nutrients, a 
rough mass balance calculation was carried out based on the method proposed by Graham 
(1991). On a dry-ash-free basis, the general form of reaction can be written as:   
 
Where CH0.8O0.15N0.02S0.01 is the general formula for subbituminous coals (Graham, 1991), 
and Yw, Ya, Yb, Ym, and Yc are moles of C-equivalent of compounds per C-equivalent of coal. 
Electron balance generates the relations: 4.624=4.4Yb + 8Ym, while carbon balance gives Yc 
= 1.0155 - Yb - Ym (calculations shown in Appendix 1), which further yields 8Yc = 3.5 – 
3.6Yb upon substituting Ym by the electron balance equation. The two balance equations are 
then plotted in Fig. 2-4.  
  
CH0.8O0.15N0.02S0.01 + YwH2O + YaCHeOfNgSh → YbCHiOjNkSl + YmCH4 + YcCO2 
           (coal)                                  (nutrients)            (biomass)      
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Figure 2-4: Mass balance - relation between biomass, methane and carbon dioxide. The red broken line marks the upper 
limit of biomass, beyond which carbon balance cannot be satisfied. 
The area below the curves represents the region where the process is feasible. Methane 
production needs to compete with biomass growth for nutrients in an inversely proportional 
fashion. That said, a culture with high initial microbial population is likely to produce more 
methane due to the lesser amount of carbon sequestrated in biomass. The maximum methane 
yield achievable is calculated to be 0.57 mol/mol coal, assuming 100% consumption of coal 
and no growth in microbial population, defining the theoretical upper limit of the process. 
This is, however, not feasible as most parts of coal, especially kerogen, is believed to be 
recalcitrant to biodegradation unless extreme conditions or chemicals are used to liquify the 
material. A more accurate mass balance has to be case-specific, and will be further discussed 
in Chapter 3.   
2.5.2 Overview of the Process of Coal Bioconversion to Methane  
Anaerobic bioconversion of coal to methane is a syntrophic process, involving a consortium 
of microorganisms with a variety of functional members (Jones et al., 2010, Park and Liang, 
2016, Ritter et al., 2015, Scott, 1999, Strąpoć et al., 2011). The conversion can be described 
by four general steps: solubilisation and depolymerisation, fermentation, acetogenesis and 
hydrogenogenesis, and methanogenesis (Gilcrease and Shurr, 2007, Jones et al., 2010, Park 
and Liang, 2016, Ritter et al., 2015, Strąpoć et al., 2011). The initial step of solubilisation is 
often considered to be rate-limiting due to the tiny size of coal pores (see Section 2.4) and the 
generally high hydrophobicity of coal surface. Some researchers proposed a possible role of 
microbes in enhancing coal hydrocarbon solubilisation or macromolecule depolymerisation 
through secretion of biosurfactants or extracellular bioenzymes (Park and Liang, 2016). 
While the hypothesis has been proved under aerobic conditions (see Section 2.7), more 
evidence is required to confirm the step under anaerobic conditions (Strąpoć et al., 2011). 
Upon being released from the coal matrix, hydrocarbons are converted by fermentative 
bacteria via various pathways (see following sections) to long-chain and medium-chain fatty 
acids or alcohols, which are then oxidised to short-chain fatty acids (Jones et al., 2010, 
Strąpoć et al., 2011). H2 is produced as a by-product along with shortening of carbon chains 
via β-oxidation. Syntrophic acetogenic bacteria (or secondary fermenting bacteria) further 
convert the fatty acids to acetate, a methanogenic precursor (Scott, 1999, Strąpoć et al., 2011). 
Depending on culturing conditions and microbial community, acetate is either converted to 
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H2 and CO2 via syntrophic oxidation, or formed from them via homoacetogenesis (Scott, 
1999).  
Hydrogenotrophic methanogens are known to have great capacity for hydrogen, keeping its 
partial pressure below 10 Pa in methanogenic environments (Thauer, 1990). This shifts the 
thermodynamic equilibrium towards the hydrogen forming direction. The presence of other 
H2 –utilising anaerobes such as sulphate-reducing bacteria (Garrity, 2006), may also 
encourage H2 production from hydrogenogenic bacteria. On the other hand, a community 
dominated by acetoclastic methanogen or bacteria may facilitate conversion of H2 and CO2 to 
acetate. In the final step of methanogenesis, the precursor molecules acetate, H2 and CO2, and 
formate are converted to methane by acetoclatic, hydrogenotrophic, and methanotrophic 
methanogens, respectively (Ferry, 1992, Scott, 1999). Other simple organic compounds such 
as methanol, methylated amines, short-chain alcohols, methane thiol, as well as CO, have 
also been used as substrates for methane production (Ferry, 1992, Scott, 1999). The overall 
pathway of the biochemical process is illustrated in Fig. 2-5. A more detailed review of the 
biochemical process is given in the following sections.  
 
Figure 2-5: Biochemical pathway for microbial conversion of coal to methane, reproduced from Jones et al. (2010). 
2.5.3 The Putative Initial Step  
Since the majority of coal organic matter is encompassed within the cross-linked and 
polymeric hydrocarbon skeleton, a substantial degradation of coal carbon via microorganisms 
would require fragmentation or depolymerisation of the macromolecules, producing small 
organic units suitable for cellular uptake. Aerobic microorganisms can catalyse the cleavage 
of chemical bonds in low rank coals through production of extracellular enzymes (see section 
2.7). Although proposed by a number of studies (Colosimo et al., 2016, Jones et al., 2010, 
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Schink, 2006, Strąpoć et al., 2011), depolymerisation of coal under anaerobic conditions 
lacks clear evidence and theoretical basis. No work has yet demonstrated significant 
degradation of kerogen by methanogenic consortia without pretreatment or addition of 
exogenous factors (e.g. enzyme). From a conservative point of view, anaerobic bioconversion 
of coal should be considered to occur primarily within the bitumen portion, or the solvent 
extractable matter, as pointed out by some researchers (Harris et al., 2009, Jones et al., 2013).  
Microbial conversion of coal bitumen under methanogenic conditions has been evidenced by 
different studies (Formolo et al., 2008, Furmann et al., 2013b, Harris et al., 2009, Harris et al., 
2008, Jones et al., 2013). Nevertheless, the extent of bioconversion is limited by the solubility 
and the rate of mass transfer of hydrocarbons in aqueous solution (Papendick et al., 2011). 
Evidence is the significant increase in biomethane yield upon addition of surfactants to coal 
bioassay (Colosimo et al., 2016, Green et al., 2008, Johnsen et al., 2005, Papendick et al., 
2011). In light of this, researchers have proposed that microbial production of biosurfactants 
(BSF) may be an initial step of anaerobic coal degradation (Colosimo et al., 2016, Scott, 
1999). Although less well-understood than the aerobic process (Section 2.7.1.3), generation 
of BSF has been reported under anaerobic conditions (Domingues et al., 2017). An example 
is the production of lichenysin B, a cyclic lipopeptide, by a nitrate-reducer Bacillus 
mojavensis (Domingues et al., 2017, Yakimov et al., 1995). The anionic BSF can lower the 
surface tension of water by approximately 40 mN/m (Javaheri et al., 1985). Also produced 
under denitrifying conditions is a structurally similar BSF, lichenysin A, by B. icheniformis 
(Yakimov et al., 1995); and a rhamnolipid BSF by Pseudomonas aeruginosa (Nozawa et al., 
2007). Under fermentative conditions, B. subtilis C9 can produce BSF C9-BS which reduces 
surface tension of water from 72 to 29mN/m (Kim et al., 1997); B.amyloliquifaciens can 
produce 3 BSFs surfactin, iturin, and fengycin; and Anaerophaga thermohalophila can 
produce a thermotolerant BSF, an oligopeptide that stabilizes emulsions (Denger et al., 2002). 
Other organisms such as members of genera Bretibacillus, Clostridium, Desulfovibrio, 
Geobacillus, Rhodococcus, and Thermoanaerobacter, also displayed abilities to reduce 
surface tension of aqueous medium under anaerobic conditions (Domingues et al., 2017 and 
references therein). These studies provide a basis for microbially-enhanced solubilisation of 
coal hydrocarbons through reducing the interfacial surface tension between water and coal 
organic matter. Nevertheless, direct evidence for BSF production during bioconversion of 
coal to methane has not been clearly demonstrated, indicating a need for further research.   
2.5.4 Acidogenesis and Fermentation of Coal 
2.5.4.1 n-Alkanes 
Anaerobic degradation of n-alkanes occurs primarily under denitrifying (or nitrate-reducing), 
sulphate-reducing, and methanogenic conditions (Barnhart et al., 2013, Widdel et al., 2010, 
Widdel and Grundmann, 2010, Widdel and Rabus, 2001). While pure strains have been 
isolated for the first two (e.g. Desulfovibrio Strain TD3 for sulphate-reducing, Rueter et al., 
1994, and Ectothiorhodospira Strain HdN1 for denitrifying, Ehrenreich et al., 2000), 
conversion of n-alkanes to methane requires syntrophic action from a consortium of 
microorganisms, thus making study of the degradation mechanisms difficult. Due to the low 
solubility of n-alkanes (especially medium and long chain) in water, the biodegradation 
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process is strongly limited by the rate of diffusion (Widdel and Rabus, 2001). Consequently, 
some microbes (e.g. Desulfococcus oleovorans) have developed hydrophobic cell surface 
structures that enable them to adhere to the alkane phase (Aeckersberg et al., 1991). 
Anaerobic activation of non-methane n-alkanes is most likely to occur via addition of 
fumarate to the subterminal (C-2) carbon atom by sulphate- and nitrate-reducing bacteria 
(Rabus et al., 2001, Rojo, 2009, Widdel et al., 2010, Widdel and Rabus, 2001). The reaction, 
catalysed by a glycol radical, yields an methylalkylsuccinate derivative (Rabus et al., 2001), 
which undergoes carbon skeleton rearrangement to (2-methyl-alkyl) malonate (Cravo-
Laureau et al., 2005). This is subsequently linked to CoA, forming an acetyl-CoA group that 
is metabolised via β-oxidation (Rojo, 2009).  
Mechanisms for syntrophic conversion of n-alkanes to methane are not well understood. 
However, bioavailability of n-alkanes (e.g. n-hexadecane) to methanogenic consortia has 
been demonstrated by a number of studies (Furmann et al., 2013b, Jones et al., 2008, Zengler 
et al., 1999). The initial activation is likely to involve the δ-proteobacterial genus Syntrophus 
(Zengler et al., 1999). Degradation of n-alkanes in coal has also been demonstrated (Furmann 
et al., 2013b, Jones et al., 2008), giving intermediates such as fatty acids (Jones et al., 2013, 
Jones et al., 2010, Orem et al., 2007,). Furmann et al. (2013b) reported a 14 - 91% 
elimination of n-alkanes in organic solvent extract of coal upon inoculation with 
methanogenic consortia. Conversion in the actual coal particle is, however, expected to be 
lower due to the limitation on mass transfer (see Chapter 3).  
2.5.4.2 Other Aliphatic Hydrocarbons  
Anaerobic degradation of isoprenoids and steroids has also been reported under denitrifying 
conditions (Harder, 2010). A β-proteobacterial species Castellaniella defragnans can 
metabolize monoterpenes in the presence of nitrate (Heyen and Harder, 2000, Harder and 
Probian, 1995). Geranic acid is believed to be the first ionic metabolite (Heyen and Harder, 
2000), however, the detailed biochemical pathway is not understood. Phytol degradation has 
been observed under denitrifying and sulphate-reducing conditions (Rontani and Volkman, 
2003). The former involves an initial oxidation to (E)-phytenal, which is abiotically 
converted to 6,10,14-trimethylpentadecan-2-one that undergoes either carboxylation or 
hydration, before undergoing the β-oxidation pathway (Rontani and Volkman, 2003). The 
latter is initiated by transformation to phytene, followed by hydration of double bonds and 
subsequent oxidation of the alcohol to ketone (Rontani and Volkman, 2003). The rest of the 
pathway is unknown. Both mechanisms had limited metabolites detected, and are thus rather 
putative. Anaerobic cholesterol degradation has also been observed with a denitrifying 
species Sterolibacterium denitrificans (Tarlera and Denner, 2003). A molybdenum-
containing enzyme was said to catalyse hydroxylation reaction of the terminal tertiary carbon 
that activates the molecule (Chiang et al., 2007). Under methanogenic conditions, squalene 
was observed to be incompletely converted to methane and carbon dioxide by syntrophic 
organisms (Schink, 1985). The mechanism was, however, not described. Compared to n-
alkanes, biochemical pathways for degradation of isoprenoids, steroids, and hopanoids are 
much less understood, presumably due to the high recalcitrance of those compounds under 
anaerobic conditions (Harder, 2010).  
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2.5.4.3 Monomeric Aromatics 
2.5.4.3.1 The Central Metabolite 
Anaerobic degradation of monomeric aromatic hydrocarbons involves an initial 
transformation of all compounds to a common central metabolite: benzoyl-CoA.  The 
molecule then undergoes reduction and ring cleavage, giving an acyclic structure, which is 
further degraded via β-oxidation (Harwood et al., 1998). A general mechanism was proposed 
by Holliger and Zehnder (1996), and is shown in Fig. 2-6. Biochemical pathways of benzoyl-
CoA degradation vary slightly depending on electron acceptors (Harwood et al., 1998). In 
denitrifying organism Thauera aromatica, benzoyl-CoA is firstly reduced to a cyclic dienoyl-
CoA, which is hydrated to 6-hydroxycyclohex-1-ene-carboxyl-CoA, and subsequently 
converted to a β-oxo compounds via β-oxidation; the ring structure is then opened by 
hydrolysis, producing 3-hydroxypimelyl-CoA, which is further metabolized via β-oxidation, 
forming 3 acetyl-CoA and 1 CO2  (Harwood et al., 1998). A slightly different mechanism was 
proposed with a phototrophic species Rhodopseudomonas palustris, in which cyclohex-1-ene-1-
carboxyl-CoA forms instead of 6-hydroxycyclohex-1-ene-carboxyl-CoA, and pimelyl-CoA 
forms instead of 3-hydroxypimelyl-CoA (Harwood et al., 1998). Under methanogenic 
conditions, Syntrophus gentianae can degrade benzoate when cocultured with acetoclastic 
and hydrogenotrophic methanogens (Harwood et al., 1998). Benzoate is activated via 
addition to a CoA, catalysed by CoA ligase; the resulting benzoyl-CoA is converted to the 
same intermediate (cyclohex-1-ene-1-carboxyl-CoA) and end products as that of 
Rhodopseudomonas palustris through different enzymatic pathways (Harwood et al., 1998).  
 
Figure 2-6: General pathway for mono-aromatic hydrocarbon degradation. Reproduced from Holliger and Zehnder (1996) 
2.5.4.3.2 Peripheral Pathways 
Being the most common monomeric aromatics, BTEX (benzene, toluene, ethylbenzene, and 
xylene) degradation under anaerobic condition has been intensely studied due to the hazards 
they pose to the environment and the need for bioremediation (Kasi et al., 2013, Spormann 
and Widdel, 2000, Stasik et al., 2015, Widdel and Rabus, 2001, Weelink et al., 2010). 
Although not a conventional coal biomarker, monomeric aromatics structure are present in 
lower rank coals, either within macromolecules (Fig 2-2, Section 2.3.1), or solvent-
extractable matter (Section 2.3.2, and 2.3.3.2.2). Among BTEX, the biochemical pathway of 
toluene metabolism has been most extensively studied, and will thus be described as an 
example. Toluene metabolism is elucidated mainly under denitrifying (e.g. genera Azoarcus 
and Thauera), sulphate-reducing (e.g. genus Desulfotomaculum), and Fe(III)-reducing (e.g. 
Geobacter metallireducens) conditions (Stasik et al., 2015, Weelink et al., 2010). Similar to 
n-alkanes, degradation of toluene is initiated by addition to fumarate via benzylsuccinate 
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synthase, forming benzylsuccinate; this is then activated to a CoA-thioester via CoA-
transferase, giving benzylsuccinyl-CoA, which is subsequently converted to a succinyl-CoA 
and a benzoyl-CoA via β-oxidation (Schink et al., 2000, Weelink et al., 2010). The latter then 
enters the central metabolite degradation pathway described above (Section 2.5.4.3.1). 
Fermentation of toluene under methanogenic conditions has also been demonstrated (Beller 
and Edwards, 2000, Edwards and Grbic-Galic, 1994, Fowler et al., 2014, Fowler et al., 2012). 
Fowler et al. (2014) reported a significant involvement of Desulfosporosinus, Syntrophaceae, 
Desulfovibrionales, and Chloroflexi in syntrophic degradation of toluene that leads to 
methane production. The biochemical pathway is analogous to that in Fig. 2-6, but is 
completed step-wisely via different organisms, starting with Desulfosporosinus (Fowler et al., 
2014). Another study pointed out the importance of Clostridiales in syntrophic toluene 
fermentation (Fowler et al., 2012). Toluene was activated via fumarate addition in a similar 
way, and was converted to the central metabolite benzoate; however, the presence of 
intermediates cresols, benzylalcohol, hydroquinone, and methylhydroquinone suggests the 
possibility for alternative mechanisms (Fowler et al., 2012).  
Also of interest is degradation of a most common substituted monoaromatic compound, 
phenol. The presence of phenol and its derivatives in coal has been widely reported in 
formation water samples or bioassays (Jones et al., 2010, Orem et al., 2014, Orem et al., 2010, 
Orem et al., 2007,). Degradation of phenol under anaerobic conditions has been mostly 
shown within denitrifying bacteria, particularly Thauera aromatica (Schink et al., 2000, 
Tschech and Fuchs, 1989). In the proposed pathway, phenol is firstly activated through 
phosphorylation, forming phenyl phosphate, which is carboxylated to 4-hydroxybenzoate; it 
is then activated via addition to CoA, giving 4-hydroxybenzoyl-CoA, which is reductively 
dehydroxylated to benzoyl-CoA by 4-hydroxybenzoyl-CoA reductase (Schink et al., 2000). 
The central metabolite then enters the benzoyl-CoA degradation pathway described in Fig. 2-
6. Syntrophic fermentation of phenol under methanogenic conditions has also been reported 
(Donoso-Bravo et al., 2009, Fang and Zhou, 2000). Genus Syntrophus was said to play a key 
role (Wang et al., 2017b). The biochemical pathway is however not well-understood.  
2.5.4.4 Polycyclic aromatics 
Polycyclic aromatic hydrocarbons (PAHs) have long been considered recalcitrant to 
biodegradation under anaerobic conditions (Foght, 2008, Safinowski et al., 2006). Although 
metabolism of PAHs has been shown under denitrifying, sulphate-reducing, and 
methanogenic conditions (Meckenstock et al., 2004, Tierney and Young, 2010), detailed 
information is scarce and limited to a small number of compounds. In general, PAHs with 
lower molecular weight demonstrate a higher bioavailability than those with higher molecular 
weight (Johnson and Ghosh, 1998); and the rate of biodegradation is faster under sulphate-
reducing conditions, than methanogenic conditions, than denitrifying conditions (Chang et al., 
2002). A brief description of the biochemical pathways for some common PAHs is given 
below.  
2.5.4.4.1 Naphthalene metabolism 
Pure culture study on the anaerobic degradation pathway of PAHs has primarily been focused 
on two-ring compounds, particularly naphthalene (Meckenstock et al., 2004, Safinowski and 
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Meckenstock, 2006, Zhang and Young, 1997). A few naphthalene-degrading isolates have 
been identified, including a sulphate-reducing δ-proteobacterial strain NaphS2, and 
denitrifying strains NAP-3-1 (related to Pseudomonas stutzeri), and NAP-4-1 (related to 
Vibrio pelagius) (Foght, 2008). Two mechanisms have been proposed for activation of 
naphthalene under sulphate-reducing conditions (Foght, 2008). The first is carboxylation, in 
which naphthalene is carboxylated to 2-napthoic acid, a central metabolite in anaerobic 
degradation of naphthalene and its derivatives (Foght, 2008, Zhang and Young, 1997). The 
theory was verified by an incorporation of 
13
C label from bicarbonate to 2-napthoic acid 
(Meckenstock et al., 2000, Zhang and Young, 1997). The second is methylation of 
naphthalene, forming 2-methylnaphthalene, which is subsequently activated to naphthyl-2-
methyl-succinic acid via addition to fumarate; this then undergoes a series of oxidation 
reactions to 2-naphthoic acid (Safinowski and Meckenstock, 2006). The initial methyl group 
was said to be also derived from bicarbonate via a reverse CO-dehydrogenase pathway 
(Safinowski and Meckenstock, 2006). This indicates that the two proposed mechanisms may 
represent a single pathway which was interpreted differently (Foght, 2008). The subsequent 
degradation of the 2-naphthoate starts with sequential saturation of the distal aromatic ring, 
forming 1,4,5,6,7,8,9,10-octahydro-2-naphthoate, which is either reduced to a final 
metabolite decahydronapthoate, or undertakes a ring cleavage to cis-2-
carboxycyclohexylacetate (Annweiler et al., 2002). Syntrophic metabolism of naphthalene 
under methanogenic conditions has also been demonstrated (Chang et al., 2006). Such 
evidence is, however, limited, and the mechanisms are unclear.  
2.5.4.4.2 Other PAHs metabolism 
Phenanthrene is the most commonly studied PAH that has 3 or more polymeric rings. (Chang 
et al., 2006, Tang et al., 2005, Zhang and Young, 1997). Biochemical pathways of 
phenanthrene degradation have been investigated under denitrifying and sulphate-reducing 
conditions and are found to be analogous to that of naphthalene (Safinowski and 
Meckenstock, 2006, Zhang and Young, 1997). Activation of the compound follows the same 
carboxylation (Zhang and Young, 1997) or methylation coupled to fumarate addition 
mechanisms as described for naphthalene (Safinowski and Meckenstock, 2006). Instead of 2-
napthoic acid, phenanthroic acid is formed as the central metabolite (Safinowski and 
Meckenstock, 2006, Zhang and Young, 1997). Syntrophic fermentation of phenanthrene has 
also been shown under methanogenic conditions (Chang et al., 2006). The microbial 
community was dominated by uncultured bacteria strains and methanogens Methanosarcina, 
which are significantly different from those of naphthalene degrading consortium (Chang et 
al., 2006). The fact that the strains had not been cultured indicates they were likely syntrophic 
organisms that are difficult to isolate. Growth of these requires appropriate downstream 
species (e.g. methanogens) for removal of metabolite so as to make the bioreaction 
thermodynamically favourable. Degradation of other PAHs such as alkylnaphthalene, 
acenaphthene, fluorene, fluoranthene, and pyrene has also been reported, primarily under 
denitrifying and sulphate-reducing conditions (Chang et al., 2002, Coates et al., 1997, 
Rothermich et al., 2002). Particularly, Coates et al. (1997) observed conversion of 
14
C-
labelled naphthalene, phenanthrene, fluorene, and fluoranthene to 
14
CO2 by sulphate-reducing 
consortia. Yuan and Chang (2007) identified an important Clostridium strain ER9 in 
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anaerobic degradation of acenaphthene, fluorene, phenanthrene, anthracene, and pyrene.  
Syntrophic fermentation of anthracene has also been demonstrated under methanogenic 
conditions by a consortium dominated with Bacillus, Rhodococcus, and Herbaspirillum (Wan 
et al., 2012). However, clear evidence of anaerobic PAH degradation is generally scarce, 
especially under methanogenic conditions. Understanding of the underlying biochemical 
pathways is significantly lacking, suggesting a need for further research.  
In summary, the steps of acidogenesis and fermentation produce simple metabolites such as 
short-chain fatty acids, acetate, H2, and CO2. The fatty acids can be readily converted to 
methanogenic precursors via further fermentation, while the rest are themselves 
methanogenic precursors. It is noteworthy that nitrate- and sulphate-reducing pathways are 
prevalent and are presumably more powerful (insofar that at least more evidence has been 
reported) in degrading hydrocarbons than syntrophic fermentation. Numerous studies have 
confirmed an ability of nitrate and sulphate reducers in inhibiting fermentation and 
methanogenesis (Dar et al., 2008, Kristjansson and Schönheit, 1983, Oremland and Polcin, 
1982, Sakthivel et al., 2012). The actual effect of the alternative terminal electron acceptors 
(e.g. nitrate and sulphate) may, however, be case-specific, depending on the end metabolites 
(and therefore microbial species) in that a complete oxidation of hydrocarbons to CO2 
without H2 being formed as a reduction product will definitely jeopardize methane yield, 
whereas conversion of compounds to acetate or other simple organics may facilitate methane 
production.     
2.5.5 Acetogenesis and Hydrogenogenesis 
Connecting hydrocarbon fermentation to methanogenesis is an additional step that 
synthesizes methanogenic precursors - acetogenesis or hydrogenogensis (Jones et al., 2010). 
Production of acetate under methanogenic conditions may follow two pathways: strophic 
acetogenesis and homoacetogenesis (Dolfing, 2013, Drake, 1994, Jones et al., 2010, Nie et al., 
2007). The former is a part of a syntrophic hydrocarbons degradation chain, converting 
metabolites of the previous step (e.g. fatty acids) to acetate, a common methanogenic 
precursor, in the presence of acetoclastic methanogens, while the latter reduces CO2 using H2 
as the electron donor (Drake, 1994). An example of syntrophic acetogenesis is oxidation of 
proprionate by Smithella spp., in which propionate is firstly dismutated to acetate and 
butyrate, and the butyrate is subsequently converted to acetate via β-oxidation by 
Syntrophomonas spp. in the presence of methanogens (de Bok et al., 2001, Liu et al., 2011b). 
A similar example was shown by de Bok et al. (2005), reporting oxidation of propionate to 
acetate by Pelotomaculum schinkii when co-cultured with methanogen Methanospirillum 
hungatei. In contrast, homoacetogenesis is an autotrophic process, assimilating CO2, and H2 
for energy metabolism (Drake, 1994). In an environment where hydrogenotrophic 
methanogens are absent, homoacetogens may facilitate methane production by converting 
CO2 and H2 to acetate, a substrate for acetoclastic methanogens. The biochemical process can 
be described by the acetyl-CoA (also known as ‘Wood/Ljungdahl’) pathway that follows two 
mechanisms: the ‘methyl branch’ and the ‘carbonyl branch’ (Drake, 1994). For the former, 
CO2 is firstly reduced to formate (using H2 as the electron donor) by formate dehydrogenase, 
and then to a methyl group via the tetrahydrofolate pathway (Martin and Russell, 2007). 
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Acetyl-CoA synthase catalyses the addition of coenzyme A to the methyl group, forming 
acetyl-CoA, which is subsequently converted to acetate by phosphotransacetylase, and 
acetate kinase (Drake, 1994). In the ‘carbonyl branch’, CO2 is firstly reduced to CO by 
acetyl-CoA synthase (using H2
 
as the electron donor); it then binds to the enzyme, forming a 
metal-bound acetyl moiety, which is subsequently detached from the enzyme via thiolysis, 
giving acetyl-CoA (Drake, 1994, Martin and Russell, 2007) that undergoes the same 
transformation to acetate as described above. In an environment where hydrogenotrophic 
methanogens are also present, homoacetogens will have to compete with them for utilisation 
of CO2 and H2. Hydrogenotrophic methanogenesis usually outcompetes homoacetogenesis 
because it is thermodynamically more favourable (ΔG ̊ = -130 kJ/mole reaction for 
methanogenesis compared to ΔG ̊ = -95 kJ/mole reaction for acetogenesis; Drake et al., 2006). 
The threshold concentration of H2 for initiating the processes is also much lower for 
methanogenesis (the threshold for acetogenesis is 10 – 100 times higher than that for 
methanogenesis, Drake et al., 2006), making the pathway preferential. This suggests that 
homoacetogens are not likely to suppress methane production through substrate competition. 
However, at lower pH and temperatures, acetogens may out-compete methanogens for using 
CO2 and H2, as they have wider tolerance for fluctuation in ambient conditions (Drake et al., 
2006).   
H2 is another important methanogenic precursor, fuelling the hydrogenotrophic methanogenic 
pathway. Previous studies identified that H2, rather than CO2, is the limiting substrate for 
hydrogenotrophic methanogenesis in laboratory coal bioassays (Papendick et al., 2011), 
suggesting the importance of H2 in syntrophic conversion of coal to methane. The primary 
source of H2 is the fermentation process, where it is produced as the reduction product along 
with shortening (β-oxidation) of carbon chains. Alternatively, H2 may also be formed 
together with CO2 from acetate via the reverse reaction of homoacetogenesis, in the presence 
of hydrogen-scavenging methanogens (Barker, 1936, Jones et al., 2010, Satoshi, 2008, Zinder 
and Koch, 1984). This thermodynamically unfavourable reaction is enabled by effective 
removal of H2 through the syntrophic methanogens, resulting in the same reaction 
stoichiometry as acetoclastic methanogenesis (ΔG  ̊ = -31 kJ/mol) (Satoshi, 2008). Strain 
AOR (likely belong to the phylum Firmicutes), Clostridium ultunense, Thermacetogenium 
phaeum, Thermotoga lettingae, are known bacteria that carry out syntrophic acetate oxidation 
when co-cultured with hydrogenotrophic methanogens (Satoshi, 2008). Interestingly, the first 
three organisms are also acetogens with the ability to synthesise acetate from H2 and CO2 via 
the acetyl-CoA pathway (Satoshi, 2008). Therefore, syntrophic acetate oxidation is thought to 
adopt the same pathway but in the reverse direction involving different enzymes (Satoshi, 
2008).      
2.5.6 Methanogenesis  
Methanogenesis is the terminal stage of syntrophic hydrocarbon degradation, carried out 
primarily by archaeal methanogens. The biochemical pathway is classified into three major 
types: hydrogenotrophic (or CO2 reduction), acetoclastic, and methylotrophic (Cohen, 2011, 
Colosimo et al., 2016, Ferry, 1992, Rother, 2010, Scott, 1999). The variability lies in the form 
of electron donor required to drive the reduction reaction. This ranges from H2 to C1 organics 
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such as formate, carbon monoxide, methanol, methylamines, and larger molecules such as 
acetate and short-chain alcohols (e.g. ethanol and propanol) (Cohen, 2011, Scott, 1999, 
Zinder, 1993). Despite the difference, all methanogens share a common final step of methyl 
group reduction to methane for energy purposes. The selection of different pathways may 
depend on the environment. In general, hydrogenotrophic methanogenesis primarily occurs in 
saline waters (e.g. marine environment, containing higher sulphate concentration), while 
acetoclastic methanogenesis dominates the process in fresh water (Whiticar et al., 1986). 
2.5.6.1 Hydrogenotrophic 
The reduction of CO2 to methane using H2 as the electron donor accounts for about 30% of 
biologically produced methane in natural habitats (Ferry, 1992). A large variety of 
methanogens are capable of reducing CO2, including families Methanobacteriaceae, 
Methanothermaceae, Methanococcaceae, Methanocaldococcaceae, Methanomicrobiaceae, 
Methanospirillaceae, Methanocorpuscolaceae, and Methanopyraceae  (Colosimo et al., 
2016). Rother (2010) put forward a detailed pathway for hydrogenotrophic methanogenesis. 
The conversion starts with reduction of CO2 to formyl and subsequent attachment to 
methanofuran (MF) by formyl-MF dehydrogenase (FMD); hydrogen is oxidised via the 
energy converting hydrogenase (ECH), generating reduced ferredoxin that donates electron to 
FMD to drive its function; the enzyme formyltransferase (FTR) then transfers the formyl 
group from MF to tetrahydromethanopterin (H4MPT); the formyl group is sequentially 
reduced to methenyl, methylene and methyl by enzymes; coenzyme M methyltransferase 
(MTR) then catalyses the transfer of methyl group from H4MPT to coenzyme M (HS-CoM), 
in a way coupled to sodium ion extrusion, forming methyl-CoM; this is reduced to methane 
by methyl-CoM reductase (MCR), using hydrogen as the electron source and HS-CoB as the 
electron carrier (Rother, 2010). The presence of the hydrogenotrophic methanogenic pathway 
has been reported in numerous coal seams with active biomethane production (e.g. Guo et al., 
2014, Robbins et al., 2016b, Strąpoć et al., 2011). 
2.5.6.2 Acetoclasic  
Acetoclastic methanogenesis is the most ubiquitous pathway that accounts for almost 70% of 
biogenic methane produced naturally (Ferry, 1992). They occur primarily in families 
Methanosarcinaceae and Methanosaetaceae of order Methanosarcinales (Colosimo et al., 
2016).  In the mechanism described by Rother (2010), the acetoclastic process is initiated by 
acetate kinase (Ack) that forms acetyl-Pi from acetate and ATP; phosphotransacetylase (Pta) 
then transfers the acetyl group to the coenzyme A, forming acetyl-S-CoA which is cleaved by 
carbon monoxide dehydrogenase/acetyl-CoA synthase (CODH/ACS) into three parts - an 
enzyme-bound CO, the free coenzyme A, and a methyl group. The methyl group is 
subsequently transferred to H4SPT by the same enzyme. The rest of the pathway resembles 
that of the hydrogenotrophic methanogenesis, except that it uses CO as the electron donor for 
methyl group reduction (Rother, 2010). Dominance of the acetoclastic pathway has been 
reported in some coal produced water samples or laboratory enrichment cultures using coal as 
the sole carbon substrate (Gallagher et al., 2013, Green et al., 2008, Robbins et al., 2016a, 
Robbins et al., 2016b, Strąpoć et al., 2011).   
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2.5.6.3 Methylotrophic 
Some members of families Methanobacteriaceae, Methanococcaceae, Methanomicrobiaceae, 
Methanospirillaceae, Methanocorpuscolaceae, and Methanosarcinaceae can also use 
methylated substrates such as formate, methanol, and methylamines as the sole carbon source 
for methanogenesis (Colosimo et al., 2016, Rother, 2010). The biochemical pathway starts 
with transferring of the methyl group to a substrate-specific methyltransferase MT1; a second 
substrate-specific methyltransferase MT2 passes the methyl group to a coenzyme M (HS-
CoM), forming methyl-CoM, from which 1 mole of CO2 is produced together with 3 moles 
of CH4 through a reverse of the CO2 reduction pathway (Rother, 2010). The contribution of 
the methylotrophic pathway to in-situ or laboratory biomethane production from coal is 
usually less significant although it has been found important in some coal seams (Strąpoć et 
al., 2010).  
2.6 IMPROVING COAL BIOAVAILABILITY – CHEMICAL PRETREATMENT 
Beyond simply characterisation of coal bioavailability and the microbial processes involved, 
an important practical consideration is the exploration of potential strategies to enhance 
biomethane yield. This section discusses some of the common pretreatment methods that aim 
to increase the bioavailability of coal for biomethane production.    
2.6.1 Oxidation 
Oxidation of coal has long been used for the study of coal molecular structure, and 
production of valuable chemicals such as short-chain organic acids (Hayatsu et al., 1981a, 
Hayatsu et al., 1975, Mae et al., 2001, Miura et al., 1996, Yu et al., 2014). Recent studies by 
Huang et al. (2013b) and Huang et al. (2013c) have extended the interest into bioconversion 
of coal to methane, in which oxidants are used to pretreat coal in order to improve its 
bioavailability for methanogenesis. The process is, however, only feasible for ex-situ reactors 
due to the hazards to the environment when applied to coal seams. A summary is presented 
below regarding the common oxidants used for this purpose.  
2.6.1.1 KMnO4 
As a potent oxidant, permanganate has been widely used for coal oxidation. In an early study 
by Randall et al. (1938), coal samples were exposed to boiling alkaline permanganate, 
resulting in formation of acetic acid, oxalic acid, and benzene carboxylic acids. The 
production of organic acids from coal has been explored in more depth by Hayatsu et al. 
(1981a), who reported formation of unbranched aliphatic dicarboxylic acids (C4 – C18), 
branched bicarboxylic acids (C5 – C10), tricarboxylic acids (C6 – C8), and aromatic acids upon 
oxidation of lignites with 0.25 M KMnO4 at 80 
o
C. Conversion of coal to organic acids was 
as much as 25%, while that to humic acid is 15.9% (Hayatsu et al., 1981a). Burke et al. (1990) 
further identified that phenolic rings, PAHs, and heteroaromatic hydrocarbons are responsible 
for the generation of acetic acid and oxalic acid in bituminous coal upon oxidation with 
alkaline permanganate using phase transfer catalysis. Numerous studies on coal bioassays 
have revealed the high bioavailability of short and medium-chain organic acids, as well as 
monomeric aromatic carboxylic acids to methanogenic consortia (Jones et al., 2013, Jones et 
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al., 2010, Robbins et al., 2016a, Zheng et al., 2017), justifying the use of permanganate 
oxidation as a pretreatment method for improving biomethane yield from coal.  
Direct application of potassium permanganate oxidation for the purpose of improving coal 
bioavailability has been demonstrated by Huang et al. (2013b) and Huang et al. (2013c). The 
laboratory experiments were carried out under milder conditions at room temperature, a 
practical advantage that reduces the energy requirement and cost for the process. 
Subbituminous coal was treated with 0.1 M KMnO4, resulting in 5.4% recovery of total 
carbon in aqueous solution (Huang et al., 2013c). The soluble compounds were characterised 
to be primarily humic and fulvic acid-like moieties, monoaromatic hydrocarbons, and 
polyaromatic hydrocarbons up to 5 rings using a three-dimensional excitation-emission 
matrix (3DEEM) fluorescence spectra (Huang et al., 2013c, Huang et al., 2013b). A total 
amount of 17.23 mg/g of purgeable organic carbon (POC) was found in the aqueous solution, 
and was thought to be derived from volatile organic acids of similar composition to those 
reported by Hayatsu et al. (1981a).  Bioassay was firstly set up on the solid residue of the 
oxidised coal using a pure aerobic strain Pseudomonas putida F1, which can oxidise a variety 
of aromatic compounds to CO2. About 0.25 mmol/g coal of CO2 was produced within 14 
days, corresponding to 0.011 conversion of carbon in the original coal (Huang et al., 2013b). 
In a similar way, the biogenic CO2 yield from the liquid phases of oxidation product was 
found to be 0.8 mmol/g coal (Huang et al., 2013c), indicating a higher bioavailability in the 
aqueous compounds. Inoculation of the same liquid sample by methanogenic consortia 
produced a maximum 93.4 µmol/g of CH4, in contrast to 34.9 µmol/g of CH4 from the 
control with volatiles removed (through sparging with nitrogen, Huang et al., 2013c). This 
proves the high capacity of permanganate in improving biomethane potential of coal via 
production of volatile, water-soluble organics.  
Despite the evidence supporting the effectiveness of permanganate, the pretreatment product 
containing elevated K
+
, Mn
2+
, as well as residual oxidant may be toxic to methanogenic 
consortia (Hohle and O'Brian, 2014), undermining their vigor over time. The process effluent, 
with high Mn
2+
 concentration also requires special treatment before disposal, potentially 
compromising the competitiveness of the process.  
2.6.1.2 HNO3 
Nitric acid is a common oxidant used to reduce the content of both inorganic and organic 
sulphur in coal (Alvarez et al., 2003, Rodríguez et al., 1997, Rodríguez et al., 1996), as well 
as to convert lignites to organic fertilizer through enrichment of humic acid, carboxylic acid, 
and nitrogen contents (Moliner et al., 1983). The ability of nitric acid in converting coal to 
humic acid has been widely reported for samples of a range of maturity – lignites (Alvarez et 
al., 2003, Liu et al., 2011a), subbituminous coals (Huang et al., 2013b), and bituminous coals 
(Green and Manahan, 1979, Kinney and Ockert, 1956). Particularly, oxidation of a high-
volatile A bituminous coal with 15.6 M nitric acid at 120 
o
C achieved as high as 0.788 
conversion of carbon to alkali-soluble humic acid-like substances containing 5% nitrogen 
(Kinney and Ockert, 1956). Chinese lignites oxidised by 20% nitric acid (3.46 M) at 60 
o
C 
showed 46% increase in the humic acid concentration, in company with an enrichment of 
low-molecular-weight, and oxygen-containing compounds (Liu et al., 2011a). Oxidation of 
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coal with 40% nitric acid (7.66 M) at 60 
o
C resulted in a series of acyclic dicarboxylic acids, 
ranging from C4 (succinic acid) to C23, collectively accounting for up to 38% of total coal 
carbon (Deno et al., 1981). The composition of the oxidation product appeared to be affected 
by temperature (Alvarez et al., 2003). Oxidation of a Spanish lignite with 20% nitric acid 
(3.46 M) at 50 
o
C yielded mainly aliphatic substances in water solution, whereas the same 
experiment at 90
o
C produced a significantly higher proportion of aromatic compounds 
(Alvarez et al., 2003).  
To our knowledge, Huang et al. (2013b) is the only study that formally considered nitric acid 
oxidation as a pretreatment for improving biomethane yield from coal. The experiment was 
conducted at room temperature using 3.33 M nitric acid, resulting in 14% solubilisation of 
coal carbon in aqueous solution. The water-soluble compounds include fulvic and humic 
acid-like substances, as well as monoaromatic and polyaromatic hydrocarbons (Huang et al., 
2013b). Cleavage of aliphatic linkages in coal macromolecule was demonstrated. In a 
comparison experiment using 0.33 M nitrate acid, rupture of aromatic rings was also 
observed (Huang et al., 2013b). Aerobic bioassay on the nitric acid oxidation product (after 
pH neutralisation) generated much less CO2 (< 0.1 mmol/g coal) than that from the 
permanganate pretreated sample (Huang et al., 2013b). The author attributed the low yield to 
the high concentration of residual nitrate that might have inhibited microbial activity (Huang 
et al., 2013b). Nitrate is also a potential inhibitor for methanogenesis as nitrate-reducing 
bacteria can outcompete methanogenic consortia for substrates (see Section 2.5.4).  In 
addition, the strong ionisation property of nitric acid can dramatically change the pH of 
pretreated sample. Neutralisation of pH requires extra chemicals which will not only add 
salinity to the product but also increase the cost of the process. Considering also the 
hazardous emission of NO2 and NO during nitric acid oxidation, the commercial potential of 
the process seems low.  
2.6.1.3 H2O2 
Hydrogen peroxide is a powerful oxidant that not only produces oxygen upon reaction with 
water (Lea, 1949), but also generates highly reactive hydroxyl free radicals via photolytic 
reaction (Baxendale and Wilson, 1957, Lea, 1949). In the presence of ferrous ion as a catalyst, 
H2O2 forms a Fenton’s reagent that undergoes disproportionation to HO• and HOO• radicals, 
which have been proved effective in destroying organic compounds in sewage  (Liang et al., 
2015, Liu et al., 2012, Zhang et al., 2014). Oxidation of lignites with 30% H2O2 at 60 ˚C has 
converted a maximum 71% of carbon to water soluble matter, of which half was low-
molecular-weight compounds such as methanol, fomic acid, acetic acid, glycolic acid, 
malonic acid, succinic acid and oxalic acid (Mae et al., 2001, Miura et al., 1996). Also 
produced were aromatic compounds with aliphatic side chains and a large amount of 
carboxyl groups (Mae et al., 2001). Further oxidation of the water-soluble compounds with 
Fenton’s reagent has converted large molecules to low-molecular-weight fatty acids with a 
significant increase in oxalic acid concentration (Mae et al., 2001). Similar results were 
demonstrated by Mae et al. (1997) and Miura et al. (1996), who oxidised brown coal with 
H2O2 at 60 ˚C, resulting in decomposition of covalent bonds in coal such as Ar-OH, Ar-O-Ar 
(Ar = aromatic) and -C-O-. This led to formation of a large amount of high-molecular-weight 
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water-soluble compounds. Further oxidation caused rupture of aromatic rings, forming low-
molecular-weight fatty acids. Other studies have also reported the formation of 
amidocyanogen, carbonyl groups, heteroaromatic rings, hydroxybenzene, single carbon-
heteroatom bonds, esters, alcohols and alkenes upon treating low rank coals with H2O2 
solution (Tian et al., 2010, Yu et al., 2014).  
Bioassays on subbituminous coal oxidised with 5% H2O2 in the presence of light has led to 
more than 10 times increase in biomethane yield (Jones et al., 2013), confirming the validity 
of the method. In contrast, aerobic bioassay on Fenton’s reagent oxidised subbituminous coal 
has seen little improvement in biogas (CO2) production (Huang et al., 2013b). Although 
Fenton’s reagent is an effective oxidant that boosts the redox potential of H2O2 (from 1.78 V 
of using H2O2 alone to 2.73 V, Pignatello et al., 2006), it can introduce Fe
3+
 to bioassay, a 
potential inhibitor for methanogenesis (van Bodegom et al., 2004, Lovley and Phillips, 1987). 
The elevated Fe
3+
 ion concentration may also suppress bacterial activity and biogas yield 
(Jackson-Moss and Duncan, 1990). Therefore, compared to Fenton’s reagent, H2O2 coupled 
to UV light may be a more suitable and economic method (since less chemical is required) 
for improving coal bioavailability. It also possesses advantages over other oxidants in that it 
does not introduce foreign ions, and is mild on pH (compared to nitric acid), and salinity. 
However, concerns such as residual free radical inhibition of microbes, as well as safety 
hazards posted by the release of O2 need be carefully accounted for when considering 
application.     
2.6.1.4 Other Oxidants  
Mayo and Kirshen (1979) oxidised an Illinois No. 6 bituminous coal with sodium 
hypochlorite (NaClO) at 30 ˚C and observed an increase in the aliphatics to aromatics ratio of 
the product. Yao et al. (2010), in a similar study, observed a > 80% conversion of a 
bituminous coal (Shenfu coal) to water-soluble matter upon NaClO oxidation. The dissolved 
compounds contained a large proportion of chloro-substituted short-chain aliphatic acids. The 
same compounds were reported by Gong et al. (2012), together with of a considerable 
amount of aromatic polycarboxylic acids, and alkanes in NaClO oxidation product. To our 
knowledge, no bioassay on NaClO oxidised coals have been reported for the purpose of 
biomethane production. The obvious drawback of using NaClO is the increase in salinity and 
pH of pretreated solution and the unclear effect of heavy chlorination on the bioavailability of 
coal organics.  
Air oxidation is another potential option for coal pretreatment. Calemma et al. (1988) 
oxidised a subbituminous coal with air at 200 ˚C and observed modification in aliphatic 
structures. Chemically-active moieties such as α-CH2 groups were oxygenated and 
transformed into aromatic rings (Calemma et al., 1988). The partial conversion of aliphatics 
to aromatic structure was confirmed by Wang and Zhou (2012) upon oxidising coal with air 
at 120 ˚C. The same study also reported an enrichment of carboxyl group, hydroxyl group, 
and ether bond as the primary oxygen-containing functional groups in the oxidation product 
(Wang and Zhou, 2012). Clemens et al. (1991) reported generation of aldehydes and esters 
from aliphatic structures of a New Zealand coal upon air-oxidation (up to 180 ˚C). The 
process was postulated to involve formation of hydroxyl free radicals from water, similar to 
79 
 
79 
 
that of hydrogen peroxide oxidation (Clemens et al., 1991). Although the practical advantage 
of air oxidation is obvious (i.e. less expensive, low conditioning requirement for oxidation 
product), the capacity of air in modifying coal is weak (i.e. less number of compounds 
formed, lower rate and conversion compared to other oxidants such as H2O2), and effective 
oxidation requires a high temperature (usually > 100 ˚C) which elicits an energy cost. Even 
when heat is supplied, the aromatic structures in coal can still be hardly converted (Calemma 
et al., 1988, Kelemen and Freund, 1989, Wang and Zhou, 2012). In terms of bioavailability, 
weathered coals have demonstrated a greater extent of biodegradation after chronic exposure 
to air in dewatered coalbed (Jones et al., 2013). However, laboratory experiments on air-
oxidised subbituminous coal (48 hr exposure under room temperature) failed to yield any 
additional methane (Gallagher et al., 2013). This suggests a possible long-term advantage of 
air-exposure on coal bioavailability, but an inadequacy in oxidation strength of air for being 
an effective pretreatment method in an ex-situ process in a practical timeframe.  
2.6.2 Surfactants and Solvents 
Gilcrease and Shurr (2007) first put forward the idea of using surfactants and solvents as a 
way to enhance biomethane production from coals. The thinking was that the process of 
bioconversion of coal to methane is usually limited by the mass transfer rate of coal organics 
to aqueous medium. Therefore, the addition of surfactants or solvents which reduce the 
interfacial tension of organic matter and water may facilitate the rate of hydrocarbon 
dissolution, thereby improving the overall rate of biomethane production (Gilcrease and 
Shurr, 2007). Furthermore, due to the amphipathic nature, solvents and surfactants can also 
enhance cell permeability, and hence the process of substrate uptake through interaction with 
cell phospholipid membranes (León et al., 1998, Mihelcic et al., 1993).  
Laboratory bioassays have confirmed the effectiveness of surfactants and solvents in 
improving biomethane production from coal. Green et al. (2008) reported a 346% increase in 
methane yield from coal bioassay with 0.25 vol. % water-miscible solvent N,N-
dimethylfomamide (DMF) added. However, the authors failed to prove that the improvement 
was clearly a result of enhanced solubilisation of coal hydrocarbons rather than bioconversion 
of the solvent. In another study, Papendick et al. (2011) added a surfactant Zolnyl FSN to 
provide 50% critical micelle concentration (CMC), to a methanogenic consortia grown on a 
subbituminous Walloon coal. The resulting methane yield was 93% higher than the no-
surfactant control. The control experiment with surfactant but no-coal produced a same level 
of methane as the no-carbon control, eliminating the possibility of surfactant being used as a 
significant carbon source for methane production (Papendick et al., 2011). Nevertheless, the 
value of additional methane was determined to be less than the cost of the surfactant, 
compromising the economics and practical significance of the method (Papendick et al., 
2011). Study on application of surfactants for improving biogenic methane production from 
coal is extremely lacking, perhaps due to the obvious cost-benefit imbalance. Therefore, 
whether the method can gain interest will depend on the availability of a cheap and effective 
surfactant or solvent, which is yet to be discovered. However, the simplicity in application 
(i.e. no pretreatment stage needed, no conditioning of the pretreatment products) provides 
some attraction over other pretreatment methods.  
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2.6.3 Enzymatic Breakdown 
Enzymes produced by microorganism have been shown to actively participate in 
depolymerisation of lignin-like structures in brown coals (Fakoussa and Hofrichter, 1999, 
Glenn et al., 1983, Hofrichter et al., 1997, Hofrichter and Fakoussa, 2001, Tien and Kirk, 
1983). Common ligninolytic enzymes include peroxidases such as lignin peroxidase (LiP) 
and manganese peroxidase (MnP), and phenol oxidase (laccases), which functions in the 
presence of supporting enzymes such as H2O2-generating oxidases (Fakoussa and Hofrichter, 
1999). The details of each are summarised below. 
2.6.3.1 Lignin Peroxidase (LiP) 
Lignin peroxidase (LiP), the most common ligninolytic enzyme, is a glycoprotein containing 
iron protoporphyrin IX (heme) as a prosthetic group and catalyses lignin degradation in the 
presence of H2O2  (Gold et al., 1984, Tien and Kirk, 1984). LiP, as a bioenzyme, was first 
discovered in white-rot fungus Phanerochaete chrysosporium (Glenn et al., 1983, Tien and 
Kirk, 1983), and later in other basidiomycete fungi, for example: Phlebia radiata, Trametes 
(Coriolus) versicolor, Bjerkandera adusta, Nematoloma frowardii, and one ascomycete: 
Chrysonilia sitophila (Fakoussa and Hofrichter, 1999 and the references therein). The 
catalytic cycle of LiP starts with formation of LiP compound I via oxidation by H2O2. This is 
followed by a one-electron reduction of compounds I with an aromatic substrate, forming 
compound II and an aromatic radical.  A further reduction of compound II with an aromatic 
compound returns the enzyme back to its native form while producing another aromatic 
radical (Fakoussa and Hofrichter, 1999 and the references therein). The two aromatic radicals 
formed during the process are the key, from which further reactions can be propagated.  
When phenolics are used as the aromatic substrates, phenoxy radicals will form, which 
undergo disproportionation to quinones (Odier et al., 1988). This is followed by radical-
radical coupling, deprotonation or nucleophilic attack by water (Fakoussa and Hofrichter, 
1999), resulting in polymerization, alkyl-aryl cleavage, Cα-oxidation or demethoxylation of 
the phenolic reductant (Akhtar et al., 1997, Kirk and Shimada, 1985). In contrast, non-
phenolic substrates will be oxidised to aryl cation radicals (Schoemaker et al., 1985), which 
undergo decomposition via pathways that involve C-C and C-O bond cleavage (Ralph and 
Catcheside, 1999). Methylation has been found to facilitate LiP-catalysed depolymerisation 
of coal (Akhtar et al., 1997). 
Conversion of methylated, water-soluble coal fraction to methoxylated monoaromatic 
compounds such as 2,5-dimethoxy-ethylbenzene, 3,4,5-trimethoxy-2-methylbenzoic acid, as 
well as fluoroanthene has been reported in the presence of LiP (Ralph and Catcheside, 1999). 
Depolymerisation of coal polymers by LiP has also been observed in water and organic 
solvent extracts of a nitric acid-oxidised lignite (North Dakota) and a subbituminous German 
coal, forming low-molecular-weight water-soluble fragments (Wondrack et al., 1989). 
Application of LiP for improving coal biomethane potential has not been reported, nor is the 
effect of LiP on higher rank coal clear. The cost of enzymes could also be significant, which 
is likely to compromise process economics.  
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2.6.3.2 Manganese Peroxidase (MnP) 
Manganese peroxidase (MnP) is an extracellular glycosylated protein, utilising heme as the 
prosthetic group, Mn(II) as a specific substrate, and Mn(III) as a mediator (Glenn and Gold, 
1985, Kuwahara et al., 1984, Paszczyński et al., 1985). MnP has been found in a range of 
white-rot and litter-decaying basidiomycetes, including Phanerochaete chrysosporium the 
first organism from which LiP was discovered (Glenn and Gold, 1985, Kuwahara et al., 1984, 
Paszczyński et al., 1985) but not in other fungi or bacteria (Fakoussa and Hofrichter, 1999 
and the references therein). The catalytic cycle of MnP resembles that of LiP, starting with 
H2O2 oxidation that forms compound I. This is followed by reduction of compounds I to 
compound II and a further reduction to its native form (Wariishi et al., 1992). The first 
reduction is coupled to oxidation of Mn(II) to Mn(III), which, in the second reduction, acts as 
a diffusible redox mediator that oxidises phenols, certain methoxylated aromatics, nitro- and 
chloroaromatics and organic acids (Fakoussa and Hofrichter, 1999 and the references therein). 
The high oxidation state of Mn(III) can be stabilised via chelation with organic acids such as 
oxalate, malonate, tartrate and lactate (Wariishi et al., 1992). The oxidative strength of MnP 
can be boosted with the assist of other mediators such as thiols (Forrester et al., 1988, 
Hofrichter et al., 1998), liquids and unsaturated fatty acids (Bogan et al., 1996, Kapich et al., 
1999), leading to cleavage of recalcitrant chemical bonds such as non-phenolic arylethers, 
and polycyclic aromatic hydrocarbons.  
Heinfling et al. (1998) and Martínez et al. (1996) also reported a hybrid form of MnP and LiP 
which oxidise both Mn(II) and non-phenolic aromatics. Depolymerisation of lignite by MnP 
has been evidenced in both microbial-inoculated culture (with the basidiomycete fungi 
Nematoloma frowardii  and Clitocybula dusenii,  Hofrichter and Fritche, 1997a, Hofrichter 
and Fritche, 1996) and cell-free systems where coal was directly incubated with MnP 
(Hofrichter et al., 1999, Hofrichter and Fritsche, 1997b, Huang et al., 2013a). Low-
molecular-weight fulvic acids and small humic acid fragments were found in the oxidation 
products. The capacity of MnP in degrading coal has also been shown to increase in a 
subbituminous coal pre-oxidised with KMnO4 or HNO3 (Huang et al., 2013a). Like LiP, 
direct application of MnP for improving coal bioavailability has not been reported. The cost-
effectiveness of the enzyme could again, be a problem.   
2.6.3.3 Laccase  
Laccase is a glycosylated protein polyphenol oxidase which has four copper ions in the 
catalytic centre (blue laccase), and oxidises a variety of compounds (mono-, di- and 
polyphenol compounds are preferred, Buswell et al., 1987) while reducing O2 to H2O 
(Fakoussa and Hofrichter, 1999). The catalytic cycle of laccase involves multiple one-
electron transfers between the copper atoms while O2 is bounded to the active site of the 
enzyme (Messerschmidt et al., 1989). When phenolics are used as the aromatic substrates, the 
resulting phenoxy radical will follow the same reaction pathway as that in LiP catalytic 
system (Fakoussa and Hofrichter, 1999). Oxidation of non-phenolic aromatics was achieved 
with yellow laccase, an enzyme with changed oxidation states of copper, presumably due to 
integration of lignin degradation products into the catalytic site of the enzyme (Leontievsky 
et al., 1997a, Leontievsky et al., 1997b). Laccase can also oxidise Mn(II) to Mn(III) directly 
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(Höfer and Schlosser, 1999) or in the presence of O2 and appropriate phenolic compounds 
(Archibald and Fridovich, 1982, Archibald and Roy, 1992), therefore resemling MnP activity. 
Laccase is found in almost all ligninolytic fungi (Fakoussa and Hofrichter, 1999). Laccase 
from Pycnoporus cinnabarinus has been reported to substantially depolymerise coal humic 
acid and pulverized coal particles in the presence of proper mediator (e.g. ABTS, 1-
hydroxybenzotriazole) (Hofrichter and Fakoussa, 2001). Application of laccase in 
bioconversion of coal to methane has not been reported. 
2.6.3.4 Hydrolase 
Hydrolytic enzymes such as esterases have been associated with leonardite (a highly oxidised 
form of lignite) degradation and solubilisation (Campbell et al., 1988) via cleavage of ester 
bond or other hydrolysable bonds (Hofrichter and Fakoussa, 2001). Coal solubilisation 
activity was also reported by Hölker et al. (1999) in deuteromycete Trichoderma atroviride 
that produced a heat-sensitive esterase. The catalytic action of esterases has not been known 
to require any electron-transfer mediators (Fakoussa and Hofrichter, 1999). Nevertheless, it 
remains unclear how the enzyme penetrates through the macromolecular network which is 
sterically blocked. The detailed mechanisms of how esterases facilitate coal solubilisation is 
also poorly understood.  
In summary, the majority of research on enzymatic depolymerisation of coal has been 
focused on samples of low thermal maturity (i.e. mainly lignite). Whether the same enzymes 
are effective on hard coals that lack lignin-like structure and heteroatoms remains a question. 
Depolymerisation of hard coal via pure enzymes has also not been clearly reported. The cost 
of using pure enzymes as a pretreatment agent is high, let alone the potential need for 
supporting enzymes and mediators, compromising the applicability in a real world process. 
Aggressive mediators such as H2O2 can also attack structures in microbes if not properly 
removed prior to inoculation. An alternative pathway to involve enzymes in coal degradation 
is to pretreat coal with aerobic microorganisms, which can produce enzymes, as well as other 
factors that facilitate coal structural decomposition, in the presence of O2. This is discussed in 
the following sections.  
2.7 IMPROVING COAL BIOAVAILABILITY – MICROBIAL PRETREATMENT 
Aerobic microbial pretreatment of coal generally follows two strategies: biosolubilisation and 
depolymerisation (Hofrichter and Fakoussa, 2001). The former is mainly a non-enzymatic 
process, involving microbial production of alkaline substances, chelators, and surfactants that 
leads to formation of black liquids; while the latter is an enzymatic process, resulting in bond 
cleavage within coal matrix and formation of yellowish, fulvic acid-like substances with 
lower molecular weight (Hofrichter and Fakoussa, 2001). Solubilisation of coal has also been 
shown to be enhanced by certain non-oxidising hydrolytic enzymes such as esterases (Höfer 
and Schlosser, 1999).  Both bacteria such as Actinomycetes and Pseudomonas and microfungi 
(molds and yeasts) have been associated with coal solubilisation, whereas depolymerisation 
has been attributed solely to the wood-decaying and litter-decomposing ligninolytic 
Basidiomycetes (Hofrichter and Fakoussa, 2001). Coal that has been highly-weathered or 
chemically-oxidised has demonstrated higher vulnerability to both solubilisation and 
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depolymerisation (Hofrichter and Fritsche, 1997b, Scott et al., 1986, Strandberg and Lewis, 
1987), suggesting oxygen atom and heterogeneous linkages play an important role in the 
process.  
2.7.1 Microbial Pretreatment of Brown Coal 
So far, research on aerobic microbial modification of coal has been primarily focused on low 
rank coals as they are structurally heterogeneous and are rich in oxygen (Fakoussa and 
Hofrichter, 1999, Haider et al., 2013, Hofrichter and Fakoussa, 2001, Wang et al., 2017a). 
Haider et al. (2013) observed a significant improvement in methane production from the 
supernatant of fungal degradation remains of lignite. The water-soluble phase was found to 
contain a range of aliphatics, mainly short- to medium-chain fatty acids, oxidised 
monoaromatic and polyaromatic hydrocarbons, and heterocyclics (Haider et al., 2013). Wang 
et al. (2017a) reported tripling of methane yield upon treating lignite with aerobic activated 
sludge. Partial depolymerisation of coal was observed, together with a decreased hydrogen 
content in the biodegraded residue. In general, pretreatment of brown coal by aerobic 
microorganisms follows several pathways: 1) alkaline solubilisation; 2) solubilisation by 
chelating agents; 3) secretion of surfactant; 4) solubilisation by hydrolases; and 5) 
depolymerisation by oxidative enzymes (Hofrichter and Fakoussa, 2001). They are briefly 
discussed below.  
2.7.1.1 Alkaline Solubilisation  
Humic acid in brown coal is rich in carboxyl groups that can be readily deprotonated when 
the pH is greater than 8, forming water-soluble acid conjugates (Hofrichter and Fakoussa, 
2001). Generation of the alkaline substances by microorganisms can be achieved through two 
possible mechanisms:  
1) Conversion of nitrogen in the growth medium to ammonia and biogenic amine (R-CH2-
NH2) which can be protonated, resulting in an increase in pH. Nitrogen occurs in the form 
of nitrate in the Sabouraud medium used by many studies (Laborda et al., 1999, Monistrol 
and Laborda, 1994, Ward, 1993). Additional ammonia and amines may also be produced 
during microbial utilisation of peptides and amino acids, further contributing to pH 
increase (Hofrichter and Fakoussa, 2001). Such an impact of nitrogen on biosolubilisation 
of brown coal has been reported by a number of studies using both fungi and bacteria 
(Crawford and Gupta, 1991, Hofrichter and Fritsche, 1997b, Quigley et al., 1989b, 
Torzilli and Isbister, 1994). 
2) Utilisation of organic acids by microorganisms when the acids are present in coal as salts 
(e.g. sodium acetate) or when carbon substrates are supplied in the form of salts (e.g. 
sodium gluconate, Hölker et al., 1995). Bioconversion of the organic acids requires the 
acid conjugates to be protonated first, thereby increasing the pH of the culture (Hofrichter 
and Fakoussa, 2001).  
2.7.1.2 Solubilisation by Chelators 
Brown coal solubilisation by chelating molecules is achieved through removal of the 
multivalent metal ions such as Ca
2+
, Fe
3+
, and Al
3+
 that serve as bridging elements among 
coal macromolecules especially between carboxyl groups, forming bridges that can be an 
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important force in the structure of lignites (Quigley et al., 1989a). Oxalate, due to its small 
size, was said to be the most effective chelator in solubilising certain lignites (Fakoussa, 
1994). Biosolubilisation of leonardite, a highly oxidised form of liginite, has been associated 
with production and secretion of oxalate by fungus Trametes, versicolor (Cohen et al., 1990). 
The same fungus has also been found to produce another chelator desferal mesylate that 
cleaved Fe
3+
 bridges within lignites (Fredrickson et al., 1990). The significance of chelators 
in coal solubilisation is largely dependent on the oxidation extent of coal, or in other words, 
the contents of oxygen and carboxyl groups, which are binding sites for bridging elements 
(Hofrichter and Fakoussa, 2001).  
2.7.1.3 Solubilisation by Hydrolases 
As discussed above in Section 2.6.3.4, hydrolytic enzymes such as esterases have been 
involved in biosolubilisation of lignites by Trametes versicolor (Campbell et al., 1988), and 
Trichoderma atroviride (Hölker et al., 1999). Bacterium Pseudomonas cepacia has also been 
reported to produce a non-oxidative enzyme that depolymerised the humic acids in weathered 
lignites (Crawford and Gupta, 1991). However, the capacity of hydrolases in solubilising 
leonardite was said to be weaker than that of chelating agents which were both produced by 
Trametes versicolor (Cohen et al., 1990).  
2.7.1.4 Solubilisation by Biosurfactant 
Instead of targeting the macromolecular structure in coal, microorganisms can also produce 
biosurfactant (BSF) that enhances solubilisation of solvent-extractable hydrocarbons in 
aqueous solution. They are amphipathic molecules, made of a hydrophilic moiety (usually 
amino acids, or peptides anions or cations, or sugars) and a hydrophobic moiety (usually fatty 
or saturated or unsaturated lipids, Desai and Banat, 1997). Compared to the anaerobic 
production of BSF described in Section 2.5.3, aerobic organisms have greater capacity in 
BSF synthesis (Desai and Banat, 1997, Domingues et al., 2017). A wide variety of microbial 
species have demonstrated the ability to produce BSF under aerobic condition. To name a 
few,  Pseudomonas spp. can synthesize rhamnolipids which not only lowers the interfacial 
tension against n-hexadecane, but also emulsifies alkanes, thereby increasing their 
accessibility to aqueous organisms (Desai and Banat, 1997); yeast Torulopsis bombicola, T. 
petrophilum, and T. apocola can produce sophorolipids that were found to lower the 
interfacial tension between water and n-hexadecane by 35 mN/m (Cooper and Paddock, 1984, 
Cooper and Paddock, 1983, Tulloch et al., 1967); Serratia marcescens can produce an 
aminolipid that increases cell hydrophilicity by blocking the hydrophobic sites on cell surface 
(Bar-Ness et al., 1988); Bacillus subtilis  can produce surfactin, a cyclic lipopeptide that 
lowers the surface tension of water by approximately 44 mN/m at concentration of 0.005% 
(Arima et al., 1968); B. licheniformis can produce a surfactant BL-86 that lowers the 
interfacial tension between water and n-hexadecane to 0.36 mN/m (Horowitz et al., 1990); 
Acinetobacter sp. can produce phosphatidylethanolamine that forms microemulsions of 
alkanes in water (Kappeli and Finnerty, 1979); the same BSF is also produced by 
Rhodococcus erythropolis  that reduces the interfacial tension between water and hexadecane 
to < 1 mN/M (Kretschmer et al., 1982); Acinetobacter calcoaceticus can produce emulsan, a 
potent heteropolysaccharide bioemulsifier that emulsifies hydrocarbon at concentrations < 
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0.01% (Rosenberg et al., 1979); and Candida tropicalis can produce a mannan-fatty acid 
complex that stabilises hexadecane in water emulsions (Käppeli et al., 1984).  
Direct evidence of coal solubilisation by biosurfactants has been shown by Breckenridge and 
Polman (1994) who reported partial solubilisation (0.75mg/g coal) of a North Dakota Beulah-
Zap lignite by inoculating it with Candida bombicola. Also reported is an extraction of 
53,000 Da hydrocarbon upon treating a Mississippi Wilcox lignite (20 mg) with cell-free 
extracts of Baccilus licheniformis (Polman et al., 1994). These results seem to suggest a 
significant capacity of aerobically produced biosurfactants in solubilising coal hydrocarbons.  
2.7.1.5 Depolymerisation by Oxidative Enzymes  
A major body of research on brown coal bioconversion has been focused on bio-enzymatic 
depolymerisation of lignin-like structures in lignites. The oxidative ligninolytic enzyme 
system consists mainly of peroxidases, particularly lignin peroxidase (LiP) and manganese 
peroxidase (MnP), phenol oxidases (laccases) and supporting enzymes (Fakoussa and 
Hofrichter, 1999). The details have been given previously in Section 2.6.3.  
2.7.2 Microbial Pretreatment of Hard Coal 
Evidence of aerobic bacterial modification of hard coal was firstly reported by Fakoussa 
(1988) on a bituminous coal which showed a decreased surface tension and improved 
wettability and extractability upon incubation with Pseudomonas fluorescens. The 
supernatant of culture contained brownish substances that were rich in lower molecular-
weight molecules (50,000 to 100,000 Da) with an abundance of carboxyl and hydroxyl 
groups (Fakoussa, 1988). Similar results have also been observed for fungal modification of a 
German hard coal that showed increased wettability as a result of microbial secretion of 
surfactants and oxidation of coal surface (Bublitz et al., 1994, Hofrichter et al., 1997). The 
coal particles were seen physically truncated into pieces by fungal hyphae or rhizomorphs. 
Early studies screening over 750 fungal strains across taxonomic groups of zygomycetes, 
ascomycetes, deuteromycetes and basidiomycetes identified that fungi with the ability to 
degrade hard coal belong exclusively to the litter-decomposing and wood-decaying 
basidiomycetes (Bublitz et al., 1994, Hofrichter et al., 1997). Specifically, Coprinus 
sclerotigenis was the most powerful species, capable of liberating hydrocarbon fragments 
from coal matrix through the mechanic action of fungal hyphae (Hofrichter et al., 1997). The 
same organism can also produce enzymes that cleaves chemical bonds in macromolecules, 
producing 2-hydroxybiphenyl (Hofrichter et al., 1997). The ability of basidiomycetes in 
modifying hard coals has also been demonstrated by other studies. Basidiomycetous fungus 
Piptoporus betulinus depolymerised and de-aromatised a Polish hard coal in reactions 
accompanied to decarboxylation under co-metabolic conditions with maltose and peptone 
(Osipowicz et al., 1994). Basidiomycetous fungus Panus tigrinus converted German hard 
coal-derived asphatene to monoaromatic compounds through a catalytic reaction involving 
MnP when cocultured with wood shavings (Hofrichter and Fritsche, 1997a). Later studies 
have also identified hard coal-eroding abilities in fungi other than basidiomycetes. 
Trichoderma sp. M2, and Penicillium sp. M4 were reported to decompose and solubilise 
Spanish bituminous and subbituminous coals in oxidative and hydrolytic enzymes-catalysed 
reactions under co-metabolic conditions with maltose (Laborda et al., 1999, Laborda et al., 
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1997). Degradation of bituminous coal by Neosartorya fischeri under co-metabolic condition 
with glutamate resulted in oxidation of the coal surface and nitration of the condensed 
aromatic rings, forming benzylnitrile, indole, N-methylphthalimide, and 3-phenylpiridine 
(Igbinigie et al., 2008). The same study also detected an increase in phenols and fluorene 
content after degradation, a possible result of coal depolymerisation. Vulnerability of hard 
coal to fungal degradation has been shown to be improved by oxidation (Stewart et al., 1990). 
Filamentous fungi Penicillium sp. and Cunninghamella sp. were said to solubilise 10 % wt of 
an air-oxidised (150 
o
C for 7 days) bituminous coal but failed to modify the non-oxidised 
control by significant extent (Stewart et al., 1990).  
Compared to brown coal, hard coal is much more recalcitrant to microbial attack due to its 
high degree of condensation, great hydrophobicity, and the lack of heteroatoms. Whilst 
research has demonstrated the feasibility of enhancing structural decomposition of hard coal 
via aerobic microbial degradation, the underlying biochemical process, especially the 
enzymatic pathways for cleavage of the non-lignin-like structure is still poorly understood. 
Furthermore, to the authors’ knowledge, no study has yet investigated coupling of aerobic 
microbial degradation of hard coal to methanogenesis. The fact that the microbial process 
occurs under mild conditions (mild heating), and that microorganisms are capable of 
generating expensive chemicals such as enzymes and surfactants at a relatively low cost (e.g. 
nutrients) make microbial pretreatment a promising method for ex-situ application. Further 
study is therefore, warranted for both fundamental characterisation of the biochemical 
process (i.e. find out potential stimulation strategies), and practical implementation of the 
method to achieve the optimal process outcome.   
2.8 SUMMARY OF MAJOR RESEARCH GAPS AND THE CONTRIBUTIONS OF THIS THESIS 
The preceding sections compiled information regarding coal bioavailability and its 
controlling factors in the process of bioconversion of coal to methane. Three core coal 
features may be identified as important to a high bioavailability: 1) low thermal maturity that 
brings about structural heterogeneity and solvent extractable matter; 2) high vitrinite content 
that indicates a good oil-generating capacity; and 3) high porosity and permeability, which 
facilitate microbial colonisation and mass transfer of hydrocarbons to aqueous media.  
Bioavailability of coal is better in samples that are rich in solvent-extractable matter and 
heterogeneous moieties, and those that have sufficient surface area to allow access of the 
organic materials to microbes.  
Non-coal factors, such as composition of microbial inocula and post-depositional 
environment may also affect the assessment of coal bioavailability in laboratory bioassays. 
They might be responsible for some of the inconsistencies observed from different studies.  
Overall, it may be said that knowledge, research on coal bioavailability and its application in 
microbially enhanced conversion of coal to methane is hardly substantial. Commercialisation 
of the process has been attempted but faces many challenges including weak gas markets and 
environmental regulatory difficulties.  
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Since thermal coal is still a major source of energy worldwide (BP, 2018), and emission from 
combustion poses a growing pressure on the environment, development of a coal-derived 
clean fuel technology would be of substantial interest. Where coal seam gas infrastructure 
already exists, there would be significant benefit if the gas resource could be extended.  
Further study is therefore warranted in bioconversion of coal to methane, especially if 
directed at overcoming the low tranformation bottleneck, while assuring a good applicability 
and a minimal impact on the environment. The major gaps in the knowledge of coal 
bioavailability that are worth further investigations are:  
1) Bioavailable compounds in coal solvent-extractable matter and their common 
characteristics  
While bioavailability of coal under anaerobic conditions is thought to be due 
primarily to the solvent-extractable matter, composition of these compounds has not 
been comprehensively understood. Current information on coal solvent-extractable 
matter is mainly limited to the setting of biomarker studies, possibly overlooking 
compounds that are not common biomarkers (Section 2.3). Evidence on 
bioavailability of these extractable compounds is also deficient and fragmented. A 
clear conclusion on the characteristic features of bioavailable hydrocarbons in coal is 
yet to be established. These aspects are explored in Chapter 3 of this thesis.    
2) The effect of rank on the abundance, composition, and bioavailability of solvent-
extractable matter in coal 
Although researchers have characterised the major structural change in organic matter 
during maturation of coal (Section 2.2.1), shifts in the content and composition of 
solvent-extractable matter and the consequent impact on bioavailability have not been 
clearly demonstrated. An understanding of this may help better explain the effect of 
rank on coal bioavailability. Due to the constraints of coal samples available in this 
thesis (i.e. most of them are close in rank), a comprehensive answer to this question 
has not been attained. However, experiments in Chapter 4 provide some useful 
indications based on two samples with significant rank difference (i.e. a 
subbituminous coal and a medium-volatile bituminous coal). 
3) The relation of macerals and submacerals with the abundance and composition of solvent-
extractable matter in coal 
It has been established that liptinite and perhydrous vitrinite are oil-prone macerals 
that generate solvent-extractable matter in coal (Section 2.2.2). Nevertheless, little 
evidence has shown the compositional difference of compounds produced by different 
macerals, especially on the level of submaceral. The relationship between maceral and 
coal bioavailability has also not been intensively studied. These will be examined in 
Chapter 3 of this thesis based on 6 coal samples with similar ranks.  
4) An effective method to relieve the mass transfer constraints on the rate of coal 
hydrocarbon degradation 
A number of studies have pointed out the low rate and poor extent of mass transfer of 
hydrocarbons from coal to aqueous medium that strongly restrain the bioavailability 
of coal and the overall rate of the biochemical coal to methane process (Section 2.3 
and 2.6.2). To date, a cost-effective method for improving coal surface wettability and 
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solubility of coal organics has not been developed. Although surfactants have been 
shown to significantly increase methane yield from coal bioassays, the high cost of 
chemicals does not support an industrial application. Future study is, therefore, 
necessary to explore a feasible method. A potential option might be microbial 
production of biosurfactants under co-metabolic conditions (Section 2.7.1.4). This is, 
however, out of the scope of this thesis though worthy of a further research.    
5) Key microorganisms and the related biochemical pathways for syntrophic degradation of 
coal hydrocarbons 
While pure culture studies have characterised the biochemical pathways for 
hydrocarbon degradation under sulphate-reducing and denitrifying conditions, 
knowledge on syntrophic fermentation of hydrocarbons is scarce (Section 2.5). Key 
organisms that are responsible for each step and the syntrophic interactions among 
different members have also not been well-demonstrated. An understanding of these 
will be highly useful in cultivating a robust and well-targeted microbial consortium 
for hydrocarbon degradation. It may also help develop methods to stimulate the 
performance of the microbial process. Functionality of the microbial community, as 
well as the biochemical pathways underlying the microbial process require a very 
large series of research endeavours, and are only briefly touched upon in Chapter 5.  
6) Potential methods to enhance the conversion of kerogen 
So far, depolymerisation of kerogen or macromolecules in coal under anaerobic 
conditions has not been clearly shown. Since kerogen comprises the majority of coal 
organic matter, a substantial conversion of coal would demand significant utilisation 
of kerogen. However, little attention has yet been given to boosting kerogen 
decomposition via chemical or microbial pretreatment in the context of coal 
methanogenesis. The existing research is at a preliminary stage with limited process 
variations and a poor understanding of the underlying mechanisms. These aspects are 
explored further in Chapter 4 and Chapter 5 of this thesis.   
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3 CHARACTERISATION OF IMMEDIATE COAL BIOAVAILABILITY TO 
EXOGENOUS METHANOGENIC MICROBIAL CONSORTIA 
3.1 CONTRIBUTION TO THE THESIS 
This chapter is based on an experimental study designed to address the research question 1 in 
Section 1.2. The results contribute towards the gap in knowledge of coal extractable matter 
composition, bioavailability of coal extractable matter, relation between maceral and 
extractable matter, as well as possible environmental factors and their impact on coal 
bioavailability. The conclusions lay a solid basis for studies in Chapter 4 and Chapter 5.  
3.2 INTRODUCTION  
Australia’s consumption of natural gas has experienced steady growth in the first two decade 
of 21
th
 century and is expected to account for 35% of total domestic energy consumption by 
2035 (Ferguson et al., 2010). Australia also exports considerable amounts of liquefied natural 
gas (LNG). The source for much of this gas is from coal seams.  
The demand is even higher internationally. The predicted export of Australian liquefied 
natural gas (LNG) in 2035 will see a 19-fold growth with reference to that in 2000 (Ferguson 
et al., 2010) forming a potentially significant source of national revenue.  
Formation of coal seam natural gas takes place via two processes: 1) thermogenesis, where 
hydrocarbons in coals are cracked by heat in the subsurface, producing methane and other 
gases; and 2) secondary biogenesis, where coals are gasified by methanogenic consortia via 
anaerobic digestion (e.g. Gao et al., 2014, Moore, 2012).  The contribution of the latter to 
total coalbed methane (CBM) production can be significant (Draper and Boreham, 2006, 
Hamilton et al., 2014). The Walloon Subgroup (Surat Basin, Queensland) coals investigated 
in this chapter produce almost entirely microbial CBM (Draper and Boreham, 2006, 
Hamilton et al., 2014). Secondary biogenesis presents an opportunity for making additional 
methane through microbial action.  
Research on microbially enhanced methane production from coal has been conducted in four 
general directions: 1) biostimulation, 2) bioaugmentation, 3) increasing physical accessibility 
of coal to microbes, and 4) enhancement of coal bioavailability via biotic or abiotic 
pretreatments (see details in Section 2.1). Although feasibilities of these methods have been 
demonstrated (Chapter 2), research in the area is still in the stage of exploration. A more solid 
understanding is required to evaluate the biomethane potential of coal and to improve on the 
tiny conversion of coal to methane, normally below 1% (e.g. Furmann et al., 2013b, Jones et 
al., 2008, Green et al., 2008, Harris et al., 2008). There remains a critical lack of information 
concerning the bioavailability of coal, and regarding what kinds of coals are suitable for 
microbially enhanced methanogenesis.  
Numerous efforts have been made to determine the key parameters that control coal 
bioavailability. Characteristics such as low thermal maturity (Fakoussa and Hofrichter, 1999, 
Orem et al., 2014, Rice and Claypool, 1981, Robbins et al., 2016a, Scott, 1999) and high 
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liptinite contents (Hunt, 1979, Isbister and Barik, 1993, Scott, 1999) have been associated 
with high biogenic methane yield (details in Section 2.2). However contradictory evidences 
(Jones et al., 2008; Fallgren et al., 2013a; Fallgren et al., 2013b; Machnikowska et al., 2002; 
Furmann et al., 2013b) cloud a clear relationship (details in Section 2.2), suggesting the 
possibility of other factors e.g. composition of inocula, and in-situ environment which, 
though less dominant, could affect the biomethane potential of coal (discussed in Section 2.2 
and 2.3). Characterization of coal bioavailability lacks a fundamental basis. One of the 
options is to characterize the chemical composition of coal and its alteration after 
biodegradation.       
Experiments in this chapter seek to explore the bioavailability of Surat Basin Walloon coals 
in bioaugmented microcosms via characterising the change in organic composition of the 
solvent-extractable matter. The targeted compounds are those readily convertible to methane 
by exogenous microbial consortia. The purpose of using exogenous culture is to provide an 
all-round and robust microbial community, in contrast to indigenous consortia which might 
have a much more limited range of species and populations, thereby reducing any bias in the 
assessment of coal bioavailability. For this reason, anaerobic digester sludge from domestic 
waste water treatment plants was used as the inocula for coal bioassays, in that it is non-
selective and robust, and it contains a wide spectrum of microbial species.  
Objectives of this study include the following: 1) Determine the biogenic methane yields 
from coal bioassays; 2) Characterise the composition of coal mobile compounds that are 
leachable by water or organic solvents; 3) Characterize the bioavailable compounds in coals 
and the association between biodegradation and methane production; and 4) Explore the 
relation of bioavailability and methane yield with petrographic characteristics and sample 
depth at a single well site.   
3.3 SAMPLES AND METHOD 
3.3.1 Geological Setting and Coal Sampling 
The study well is a vertical CBM appraisal well drilled in the central north of the Surat Basin, 
Queensland (Fig. 3-1). Jurassic Walloon Subgroup coals in the Surat Basin host 
approximately two-thirds of Queensland’s proven and probable (2P) CBM reserves (Towler 
et al., 2016). The Walloon Subgroup comprises the Upper and Lower Juandah Coal Measures 
and the Taroom Coal Measures, separated by the Tangalooma Sandstone (Fig. 3-2, Hamilton 
et al., 2014). Walloon coals are hydrogen-rich (Khavari-Khorasani, 1987), containing a large 
proportion of perhydrous vitrinite, relatively high liptinite and low inertinite (Scott et al., 
2007). The coals are at the base of the oil window (Tissot and Welte, 1984) and are rich in 
hydrocarbons that are degradable by indigenous microbial consortia (Boreham and Powell, 
1991, Powell et al., 1993). Isotopic studies suggest that Walloon CBM in the Surat Basin is 
dominated by secondary biogenic methane generated through the CO2 reduction pathway 
(Draper and Boreham, 2006, Hamilton et al., 2012, Hamilton et al., 2014). Being situated in a 
major recharge area for the Great Artesian Basin and surrounded by two aquifers, the Hutton 
Sandstone and the Springbok Sandstone, Walloon coals in the CBM production zone are 
subject to meteoric recharge that is interpreted to have introduced microorganisms and 
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essential inorganic nutrients (Baublys et al., 2015, Draper and Boreham, 2006). These 
features are necessary requirements for in-situ coal biodegradation. 
 
Figure 3-1: Study well location in the Surat Basin. Bowen Basin outlier south of Dalby township based on Day et al. (2008); 
structure modified from Day et al. (2008) and Geological Survey of Queensland (2011). Inset: Location of the study area 
within eastern Australia and the Great Artesian Basin (G.A.B.). 
For this study, six Walloon Subgroup coal core samples were acquired after routine coal core 
canister desorption testing. In the field, fresh cores were sealed immediately on retrieval after 
routine logging procedures. The sealed canisters were purged with helium for 60 s to remove 
air, and then sent to ALS Earth Data Pty Ltd, Stafford, Brisbane, where they were stored in a 
water bath at reservoir temperature throughout desorption (90 days). During this time, gas 
production was monitored twice a week until <1% of the total gas was produced within a 
week. Core samples for this study were collected within 30 min of commencing the ‘offline’ 
operation (i.e. after desorption is finished and samples taken out of the canister). Four of the 6 
samples are from the Juandah Coal Measures at depths of 113.48 m (PEN9-003, where PEN 
stands for Penrhyn 9, the name of the sampling site), 201.34 m (PEN9-014), 264.10 m 
(PEN9-024), and 325.20 m (PEN9-029, near the upper boundary of Tangalooma Sandstone), 
and two are from the Taroom Coal Measures at depths of 441 m (PEN9-034, near the lower 
boundary of Tangalooma Sandstone) and 509.25 m (PEN9-043). Approximately 10 cm long, 
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whole coal core segments were vacuum-sealed in plastic bags and transported anoxically to 
the School of Chemical Engineering, The University Queensland (UQ), where they were 
transferred into glass containers and stored in an anaerobic chamber.  
 
Figure 3-2: Walloon Subgroup stratigraphic sub-units, over- and underlying potable aquifers and hydrologic units relevant 
to this study. Relative ages at left from McKellar (1998). a Worley Parsons (2010), b Lagendijk and Ryan (2010).  
3.3.2 Compositional and Petrographic Characterisation 
For compositional and petrographic analysis, the outer layer of each coal core sample was 
chiselled off and the samples crushed and ground to the size range used in the experiments 
(300 – 500 μm). This particular size range is thought to provide sufficient surface area for 
colonization and mass transfer, while not disturbing the ash content (according to preliminary 
experiments, data not presented). Ten grams of each powdered sample was sent to the ALS 
Pty Ltd. Coal Division for proximate and ultimate analysis, following Australian Standards 
AS 1038.3 (for proximate composition, Standards Australia, 2000), AS 1038.6.4 (for carbon, 
hydrogen and nitrogen, Standards Australia, 2005))  and AS 1038.6.3.3 (for total sulphur, 
Standards Australia, 1997).       
Petrographic analysis was carried out at the School of Earth and Environmental Sciences, UQ. 
Samples were prepared by passing the bulk powder through a splitter box that separates the 
sample into two subsets with equivalent particle size distribution and other properties. The 
same operation was repeated for one of the two subsets until a suitable amount powder was 
obtained (roughly 10 g). The powdered samples were then mounted in epoxy resin and 
polished according to the recommendation in the ISO 7404-2 (2009) standard for 
petrographic analyses of coal under reflected white light. The random vitrinite reflectance 
(Rr%) and maceral composition were determined according to ISO 7404-5 (2009) and ISO 
7404-3 (2009), respectively. Samples were analysed using a Leica DM6000 M microscope in 
air, with fluorescent light used to assist in the identification of macerals, particularly liptinite 
group macerals. Maceral analysis was performed using the International Committee for 
Organic Petrology (ICCP) classification and nomenclature (International Committee for Coal 
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and Organic Petrology, 1998, International Committee for Coal and Organic Petrology, 2001, 
Sýkorová et al., 2005, Taylor et al., 1998). 
3.3.3 Bioassay Setup 
Coal bioassays were set up anoxically in an anaerobic chamber inflated with nitrogen. 
Adapted Tanner media (Tanner, 2007) was prepared for microbial culturing, providing 
essential sources of non-carbon nutrients (minerals, trace metals, vitamins, NaHCO3 buffer, 
and Na2S·9H2O as anti-oxidant). The modified recipe eliminated the use of TES buffer that 
contains oxidised sulphur, a potential inhibitor of methanogenesis (Dar et al., 2008; 
Kristjansson and Schönheit, 1983). For each coal bioassay, 0.25 g coal powder (size range 
300 – 500 μm) was added to a 37 mL biomethane potential bottle (BMP bottle) together with 
9 mL growth media. The bottle was sealed with a butyl rubber stopper and crimped with an 
aluminium cap to keep it gas-tight. The headspace was vacuumed and refilled with nitrogen 
to a slight over pressure to prevent intrusion of air. The coal-media mixture was then 
autoclaved at 120 °C for 20 minutes before inoculation. Anaerobic digester sludge from 
domestic wastewater treatment plants (sourced from Luggage Point Wastewater Treatment 
Plant, Brisbane, Australia, provided by the Advanced Water Management Centre, within UQ) 
was used as the inocula after a period of pre-incubation to exhaust the native carbon. The 
autoclaved bottles were inoculated with 1 mL of the above sludge culture using sterile 3 mL 
disposable syringes and 21 gauge needles before being incubated at 37 °C in darkness.    
Bioassays were set up in quadruplicate for each coal sample along with quadruplicate 
negative controls containing only media and inocula, and triplicate desorption controls with 
only media and coal. The presence of control cultures allows determination of net microbial 
production of methane from bioassays.  
3.3.4 Coal Extraction 
Solvent extraction of coal powders (300 – 500 μm) took place in a two-step Tecator Soxtec 
system HT2 1045 (shown in Fig. 3-3), a method adapted from Soxhlet with improved 
efficiency. Extraction starts with a boiling stage, where coal powder is contained by a paper 
thimble (only permeable to solvent) and submerged in solvent held by an aluminium cup. A 
clamp-on hot plate attaches the cup to the extraction chamber in an air-tight fashion and 
provides heat for boiling. The rising vapour is condensed by cooling water in the condenser 
and returns to the thimble through a bridging glass tunnel. In the second stage of rinsing, the 
thimble is lifted away from the cup, suspended in the extraction chamber. Solvent refluxes 
from the condenser and washes down the free compounds on the coal surface, improving the 
recovery of extracts in the cup. Membrado Giner et al. (1996) showed that a combination of 1 
minute boiling and 30 minutes rinsing produced the equivalent yield to 24 hours of Soxhlet 
extraction.   
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Figure 3-3: Schematic diagram of Soxtec system for coal extraction. Drawing adapted from Foss Soxtectm system, Tecatortm 
line. 
In this study, fresh coal samples were sequentially extracted with three solvents with 
increasing hydrophobicity: water, HPLC grade methanol and AR dichloromethane. The 
purpose is to maximise the recovery of compounds with different natures: hydrophilic, 
amphipathic and hydrophobic, as well as to study the effect of hydrophobicity on compound 
bioavailability. A parallel set of extractions was performed with only the organic solvents (i.e. 
methanol and then DCM). The difference in the organic extracts of the two sets would define 
the water-soluble compounds. Digested samples from bioassays, as well as the negative 
controls, were also extracted with methanol and DCM. The resulting extracts were compared 
to those of fresh coals to give information on coal bioavailability. Figures. 3-4 and 3-5 
illustrate the solvent extraction procedure and method for interpretation of the outcomes.  
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Figure 3-4: Schematic diagram of solvent extraction and product. Blocks with alphabets letters represent extraction 
products. Negative controls (NC1, NC2, NC3, and NC4) were set up accordingly to establish the baseline for analysis.   
 
Figure 3-5: Schematic diagram for interpretation of solvent extraction experiment. VFA-A – volatile fatty acids and alcohols, 
DOC – total organic carbon in water solution. 
During sequential extraction, solid residues from the previous round were dried overnight at 
37
o
C before being extracted with the next solvent. The digested coal samples were prepared 
by combining each quadruplicate of coal bioassays (to add up to 1 g for each coal) and 
centrifuging at 3750 rpm for 5 minutes. The bottom pellet was dried at 37 °C overnight 
before extraction.  
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All extracts were transferred to glass tubes and concentrated to 1 mL at room temperature 
under a gentle stream of nitrogen. Methanol extracts were further evaporated to 0.5 mL and 
refilled with DCM to 1 mL to enhance recovery of hydrophobic compounds. The 
concentrates were then sealed and sent for GC-MS analysis. Tables 3-1 and 3-2 summarise 
the operation parameters and extraction yields.  
Table 3-1: Parameters for solvent extraction. 
Parameters Stage Value 
Extraction time (min)  Boiling 60 
Rinsing 60 
Coal loading (g/extract) 1 
Volume of solvent (mL)  30 
 
Table 3-2: Summary of solvent extraction yield. 
Samples PEN9-003 PEN9-014 PEN9-024 PEN9-029 PEN9-034 PEN9-043 
Fresh coal (g) 1 1 1 1 1 1 
Water extractable (g) 0.0011 0.0007 0.0009 0.0014 0.0005 0.0013 
Methanol extractable (g) 0.0807 0.0470 0.0465 0.0365 0.0282 0.0849 
DCM extractable (g) 0.0385 0.0300 0.0206 0.0205 0.0094 0.0293 
Total extractable (%) 12.0 7.77 6.80 5.84 3.81 11.6 
3.3.5 Volatile Fatty Acid and Alcohols and Total Organic Carbon Analysis 
Volatile short-chain fatty acids and alcohols (VFA-As) are potential in-situ coal fermentation 
substrates that reside in the coal matrix (Zheng et al., 2017, Robbins et al., 2016a). Upon 
dissolution in water, they are readily degradable by microbial consortia. To quantify VFA-As 
in coal, 1 mL samples of the water extracts were filtered by Millex GP (33 µm) micro-filter 
after being cooled down to room temperature in the sealed extraction chamber maintained 
air-tight (to prevent loss of volatile compounds in the vapour phase). 
To prepare for analysis, 0.4 mL of the filtered extract was transferred to a glass vial 
containing 0.32 mL Milli Q water and 0.08 mL 10% formic acid solution. The original 
concentration was diluted by two times to reduce the concentration to within the detection 
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range (<100 ppm). The mixture was then sent to the analytical laboratory of the Advanced 
Water Management Centre (within the University of Queensland) for analysis, using an 
Agilent 7890A GC with a flame ionization detector (FID).       
The total dissolved organic carbon (DOC) in the same water extract of coal was also 
measured. 1 mL of each filtered extract was added to 7 mL of Milli Q water and sealed in a 
glass tube with a Parafilm. The samples were sent to the same laboratory for DOC analysis.  
For both VFA-As and DOC analysis, a blank containing only Milli Q water was tested 
together with the samples to establish the baseline.  
3.3.6 GC-MS Analysis of Coal Extracts 
The concentrated organic extracts were analysed by GC-MS for structural identification and 
quantification. A Shimadzu GCMS-QP2010 equipped with a CTC PAL autosampler and a 
Restex Rxi-5MS 30m × 0.25 mmID × 1.0 μm d.f. (film thickness) column was used for 
analysis. 1 μL of sample was injected in splitless mode at an injector temperature of 250 °C, 
and carried by helium gas at 1.34 mL/min through the column. The column temperature was 
programmed as 1) initially at 80 °C, hold for 4.7 minutes; and 2) increase to 300 °C at 12 °C 
/min and hold for 15 min. Mass scan started at time 4.5 minutes (solvent delay), running in 
full scan mode, covering the m/z (mass/charge) range of 35 to 800 D. The ion source was 
operated at 200 °C with an interface temperature of 250 °C.  
All data were recorded and processed through LabSolutions GCMSsolution Version 4.20 
(Shimadzu Corporation). Compound identification combined an initial automatic similarity 
match against the internal mass spectral databases, and a further manual verification of each 
individual peak and comparison against the NIST MS Search 2.0 database. Only those with 
match similarity greater than 60% were reported. Diagnostic fragments were also employed 
to assist the interpretation of n-alkanes (m/z = 57, 85) (Brassell et al., 1980), acyclic 
isoprenoids (m/z = 57, 183) (Petrov et al., 1990), and PAHs (individual M
+•
) (Brassell et al., 
1980). In addition, pure 1-heptadecanol (Sigma-Aldrich, 98%) and hexadecanoic acid, methyl 
ester (Sigma-Aldrich, >99%, capillary GC) were used as qualitative standards to confirm the 
identification of aliphatic esters and alcohols, which have not been frequently reported in coal 
organic extracts. The two selected compounds are the most abundant of each kind detected in 
the solvent extracts. A commercial standard of n-alkanes of C10 to C30 was also employed to 
set up a retention time index for n-alkanes. Solvent blanks were run in parallel to account for 
impurities in the background. Phthalates (m/z = 149), a common plasticiser contaminant 
(plastic bags were used for transport of coals to the lab), were found in all samples, and were 
disregarded in data analysis.    
Concentrations of identified compounds were approximated by areas under peaks (intensity 
units, on absolute scale). Error of measurement was found to be generally within 10% by 
analysing a single sample (methanol extract of fresh PEN9-003 coal) three times. Peak areas 
were then normalized with reference to the sum of those in the methanol extract of the fresh 
PEN9-003 coal. This enabled study of the relative abundances of different compounds within 
a sample, and changes in compound concentration in microbial-digested coals. The authors, 
however, acknowledge the limitation of lacking internal standard for compound 
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quantification. Therefore, extra caution has been taken during sample preparation to 
minimize the discrepancy across samples due to sample handling. GC-MS run for all samples 
was also finished within the same day to limit the instrumental error.    
3.3.7 Measurement of Methane Concentration 
A Varian 3900 gas chromatograph equipped with an FID detector and an RT-Q-BOND 
column was used to measure the methane concentration in the bioassay. The set temperatures 
for the injector, column and detector were 105 
o
C, 50 
o
C and 200 
o
C, respectively. Injected 
samples were carried by a constant flow of 4 mL/min of helium gas to the detector.  
For each injection, a 100 μL gas sample was drawn from the headspace of the microcosm, 
using an aseptic 100 μL syringe equipped with stainless steel needle and a shut-off valve. The 
sample was then injected in a splitless mode. Calibration was performed using 1% and 15% 
methane standard gas (balanced with CO2) before and after each set of measurements to 
ensure accuracy of results. Methane concentration was monitored roughly twice a week to 
keep track of production.  
3.4 RESULTS 
3.4.1 Compositional and Petrographic Characteristics of Coals 
Coal property data are presented in Table 3-3 and 3-4. All samples are rich in volatile matter 
that accounts for an average 41.9% of total mass (Table 3-3). Volatile matter (dry basis) 
decreases, increases and decreases with depth and peaks near the Tangalooma Sandstone 
(PEN9-029 and PEN9-034). Juandah coals in general have higher ash contents, with a peak in 
PEN9-024. The proportion of ash is significantly lower in the Taroom Coal Measures, 
roughly 1/3 that of the Juandah coals. Hydrogen contents are > 6% in all samples (dry ash 
free basis, d.a.f.), confirming the perhydrous nature of Walloon coals. As such, the vitrinite in 
this study can be regarded as perhydrous vitrinite according to the Seyler’s coal chart (see Fig. 
6 in Lowry, 1963). The H/C molar ratio ranges from 0.93 (in PEN9-043) to 1.47 (in PEN9-
024) with an average of 1.07. These reasonably high values could imply a lesser degree of 
structural condensation that is consistent with the low rank and high volatile matter contents. 
As the most abundant heteroatom, oxygen accounts for 10.0% to 13.8 % of total mass on a 
dry-ash-free basis. Oxygen atom occurs in coal organic matter via heterogeneous moieties 
such as ether, ester, carbonyl and hydroxyl groups, which present a favourable site for 
microbial attack (Fakoussa and Hofrichter, 1999). PEN9-003 is richest in oxygen, followed 
by PEN9-024. Across all samples, nitrogen and sulphur were detected in lower 
concentrations with average contents of 1.36% and 0.445% respectively. PEN9-024 and 
PEN9-043 contain the highest amount of nitrogen while PEN9-014 is richest in sulphur.  
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Table 3-3: Proximate and elemental composition of coal samples. 
Coal Measure Juandah Taroom 
Coal PEN9-003 PEN9-014 PEN9-024 PEN9-029 PEN9-034 PEN9-043 
Proximate composition (dry basis)  
Moisture % 8.3 8.8 7.1 4.9 5.9 6.1 
Ash% 18.7 17.9 34.6 12.9 5.1 6.4 
Volatile 
matter % 
40.3 39 30.5 49.7 48.7 43.2 
Fixed 
carbon % 
32.7 34.3 27.8 32.5 40.3 44.3 
Elemental composition (dry ash free basis)  
Carbon % 78.2 78.8 78 79 81.6 80.5 
Hydrogen % 6.33 6.41 6.52 6.59 6.72 6.25 
Nitrogen % 1.17 1.37 1.55 1.37 1.27 1.55 
Sulphur % 0.47 0.59 0.4 0.47 0.38 0.36 
Oxygen % 13.8 12.8 13.5 12.6 10.0 11.0 
The range of vitrinite reflectance is relatively narrow (Rr 0.45-0.59%, subbituminous to high 
volatile bituminous C, Taylor et al., 1998). There is a clear trend of increasing reflectance 
with depth, consistent with a down-hole increase in rank.  
Fig. 3-6 shows the variability in maceral composition of the six samples. Vitrinite contents 
(vol. %) range from 32.4% to 60.8% (as received basis, a.r.), liptinite contents from 12.4% to 
49.2%, and inertinite contents in all samples are low (max. 2.4%). PEN9-014 and PEN9-043 
have the highest vitrinite contents, and PEN9-034 has the highest proportion of liptinite.  
Overall, maceral group compositions are extremely variable across samples of different depth. 
At submaceral level, telovitrinite group macerals (telinite and mainly collotelinite) dominate 
the vitrinite group in PEN9-043 (31.8% of total maceral composition), PEN9-014 (30.6%) 
and PEN9-029 (25.0%, Table 3-4). Detrovitrinite (vitrodetrinite and collodetrinite) is richest 
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in PEN9-014 (22.2%), followed by PEN9-003 (18.4%), PEN9-043 (18.4%), PEN9-029 
(17.8%), PEN9-034 (17.4%) and PEN9-024 (16.6%). Gelovitrinite (corpogelinite) peaks in 
PEN9-034 (21.0%), followed by PEN9-003 (16.6%), PEN9-029 (11.4%), PEN9-043 (8.4%), 
PEN9-014 (8.0%) and PEN9-024 (3.8%). The only inertinite group maceral observed in the 
samples was semifusinite, which is highest in PEN9-003 (2.4%). The liptinite group is 
dominated by suberinite with lesser sporinite, liptodetrinite, cutinite, resinite and exsudatinite. 
PEN9-034 has the highest suberinite content (37.4%) and a high sporinite content (6.8%). 
PEN9-014 is richest in cutinite (3.8%), resinite (2.4%) and exsudatinite (3.4%), while PEN9-
029 has the highest amount of liptodetrinite (4.4%). No systematic relationship is observed 
between the pattern of submaceral distribution and sample depth.  
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Table 3-4: Petrographic characteristics of coal samples from Juandah and Taroom Coal Measures on an as received basis 
(Vol. % a.r. = volume percentage on an as received basis). 
Coal Measure Juandah Taroom 
Coals PEN9-003 PEN9-014 PEN9-024 PEN9-029 PEN9-034 PEN9-043 
Maceral 
group                                                                        
Individual 
maceral
(Vol. % a.r.)* 
Vitrinite 48.8 60.8 32.4 54.2 46.8 58.6 
 Telinite 0.2 1.4 0.4 1.0 0.4 0.4 
Collotelinite 13.6 29.2 11.6 24.0 8.0 31.4 
Vitrodetrinite 1.8 0.8 2.8 1.4 0.0 1.0 
Collodetrinite 16.6 21.4 13.8 16.4 17.4 17.4 
Corpogelinite 16.6 8.0 3.8 11.4 21.0 8.4 
Inertinite  Semifusinite 2.4 0.8 0.2 0.4 0.6 1.2 
Liptinite 32.7 24.6 12.4 29.2 49.2 24.8 
 Cutinite 0.4 3.8 1.8 0.6 1.2 0.4 
Sporinite 7.0 4.0 3.4 4.6 6.8 4.8 
Suberinite 20.6 10.0 5.8 18.6 37.4 16.6 
Resinite 2.0 2.4 0.8 0.6 0.8 1.0 
Exsudatinite 0.4 3.4 0.0 0.4 0.0 0.0 
Liptodetrinite 2.3 1.0 0.6 4.4 3.0 2.0 
Mineral matter 16.2 13.8 55.0 16.2 3.4 15.4 
Vitrinite reflectance Rr % 0.45 0.46 0.49 0.49 0.54 0.59 
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Figure 3-6: Maceral compositions of coals on an as received basis. PEN9-003, PEN9-014 and PEN9-029 are from Juandah 
Coal Measures while PEN9-034 and PEN9-043 are from Taroom Coal Measures. Blue = vitrinites, green = inertinites, red 
(also yellow) = liptinites, and white = mineral matter. The detailed composition is given in Table 3-4.   
3.4.2 Methane production from bioassays 
Figure 3-7(A) shows the net microbial methane production from bioassays (total methane less 
methane from inocula and desorption). The values represent final yields after 30 days of 
incubation, when the production plateau was established (no significant change in methane 
concentration from then to day 90, after which the concentrations were not monitored). 
Methane yield ranges from 14 to 33 μmol/g with an average of 21 μmol/g (0.515 m3/tonne). 
This figure falls within the scale previously reported for subbituminous coal in laboratory 
experiments (Harris et al., 2008, Jones et al., 2008, Penner et al., 2010), but is much less than 
the average gas content of Walloon Subgroup coals (5.36 m
3
/tonne d.a.f of primarily biogenic 
methane, Hamilton et al., 2012). Multiple reasons may account for this (discussed in more 
detail later in Section 3.4.3), most prominently associated with the limitations of laboratory 
bioassays. Methane production started almost immediately after inoculation and finished 
within 30 days (Fig. 3-7 (B)). The relatively fast kinetics implies the presence of readily 
degradable compounds (e.g. VFA-As). Methane production from the negative control 
appeared to be significant and was due to the residual carbon in the inocula (further discussed 
in Section 3.5).   
A comparison of methane yields between different samples reveals the relationship of coal 
bioavailability with depth and stratigraphy. Methane yield is found to decrease at first and 
then increase with depth in the Juandah Coal Measures until the upper bound of Tangalooma 
Sandstone. It then decreases near the lower bound of Tangalooma Sandstone in Taroom Coal 
Measures, and increases again within the Taroom Coal Measures. The highest production 
takes place in the sample (PEN9-029) just above the Tangalooma Sandstone, while the lowest 
occurs in the sample (PEN9-034) just below the Tangalooma Sandstone. The fact that 
methane yield peaks in the sample collected from the top of Tangalooma Sandstone is 
103 
 
103 
 
consistent with the dominant downhole gas content trend in Walloon CSG wells (positively 
parabolic, Hamilton et al., 2012). 
 
Figure 3-7: (A) methane yields from bioassays across samples of different stratigraphic layers. The values plotted are the 
final net yields achieved at day 30, with baseline methane from the negative control (contains no coal) being deducted.  (B) 
Methane production curve; error bars show ± one standard deviation from the mean. 
3.4.3 VFA-As and DOC 
The concentrations of volatile fatty acids and alcohols (VFA-As), as well as total soluble 
organic carbon in the aqueous solution of the six coals (see Fig. 3-4, fraction A) are given in 
Table 3-5. Ethanol and acetic acid are the only two VFA-As that were detected at significant 
concentrations. Juandah coal extracts are in general, richer in VFA-As, with PEN9-029 being 
the highest. Proportions of VFA-As in the total water-soluble organic carbon (DOC) were 
calculated to be (in order) 18.6%, 39.7%, 35.1%, 45.8%, 39.6%, and 15.7% for the six 
samples, respectively. This suggests the release of other organic compounds upon extraction 
of coals with water. The concentration of water-soluble DOC is trivial with respect to the 
total mass of coal (< 1‰). The proportion of it in the total extractable matter is also small (< 
1.6%). These are consistent with the extraction yield (in Table 3-2), underlining the highly 
hydrophobic nature of coal compounds.   
Variation of VFA contents with coal was compared to that of methane yields, and is 
illustrated in Fig. 3-8. The two variables correlate favourably with the exception of PEN9-
003 and PEN9-043 coals, which have other significant carbon substrates (see Section 3.3.4). 
The theoretical maximum methane achievable from VFA-As was also calculated, assuming 
100% conversion of VFA-As through the methanogenic pathway. The proportions of the 
calculated maximum with respect to the observed methane yield are 40.1%, 73.1%, 73.4%, 
96.2%, 65.5%, and 46% for the six samples (Table 3-5), respectively. This implies a 
seemingly important contribution of VFA-As to coal bioavailability, especially in PEN9-29 
coal, despite the low concentrations.  
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Both ethanol and acetic acids were found to be completely eliminated in the bioassays (see 
Fig. 3-4, fraction H). The total organic carbon content was reduced by an average of 98% in 
the bioassay residues. This suggests the water-soluble coal compounds are highly 
bioavailable.     
Table 3-5: Volatile fatty acids and alcohols in water eluents (see Fig. 3-4, fraction A) of PEN 9 coal samples 
Samples PEN9-003 PEN9-014 PEN9-024 PEN9-029 PEN9-034 PEN9-043 
Ethanol (mg/g) 0.183 0.332 0.274 0.875 0.210 0.235 
Acetic acid (mg/g) 0.165 0.199 0.282 0.193 0.146 0.0752 
DOC in fresh (mg/g) 0.749 0.536 0.634 0.932 0.359 0.791 
DOC digested (mg/g) 0.0149 0.01 0.023 0.0164 0.0113 0.0123 
Max. contribution of 
VFA-As to CH4 (%) 
40.1 73.1 73.4 96.2 65.5 46.0 
* DOC in fresh = DOC in fresh coals; DOC in digested = DOC in microbially-digested coals.  
* Max. contribution of VFA-As to CH4 = the percentage of maximum yield of methane 
producible from acetic acid and ethanol, assuming 100% conversion through methanogenic 
pathway in the actual methane yield observed.  
 
Figure 3-8: Distribution of VFA-As in water eluents of coals (columns) and comparison to methane yields (line). Variation 
of VFA-As contents follows a generally consistent pattern with that of methane yield, suggesting a likely significant 
contribution of VFA-As to methane production.  
3.4.4 GC-MS Characterisation of Coal Solvent-Extractable Compounds 
Figure 3-9 shows the example GC-MS total ion current (TIC) chromatograms a) for an n-
alkane standard mixture, as well as a hexadecanoic acid, methyl ester and 1-heptadecanol 
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standard; b) for PEN9-003 and c) for PEN9-043 methanol extracts extracted directly from the 
fresh coals (Fig. 3-4, fraction D), after extraction with water (Fig. 3-4, fraction B) and after 
microbial digestion (Fig. 3-4, fraction F). Example peaks are labelled on the graphs (Fig. 3-9). 
Clear discrepancy can be observed between chromatograms of water extracted (Fig. 3-4 
fraction B) and microbially-digested (Fig. 3-4, fraction F), indicating elimination of 
hydrophobic compounds in bioassays. Notable difference can also be observed between those 
of fresh and water extracted coals, suggesting some dissolution of organic-solvent-extractable 
compounds in water. Distribution of organic compounds in organic solvent extracts of the six 
samples is summarised in Fig. 3-10.  
Water extraction produced a small yield for all coals, accounting for an average 1.3% of the 
mass of total extractable matter (as seen in Table 3-2). Apart from the VFA-As shown in Fig. 
3-8, n-alcohols, aliphatic esters and aliphatic amines were also found to solubilize in water to 
a significant extent. This was demonstrated by a decrease in peak intensities of the relevant 
compounds in the methanol extract of water-extracted coals (annotated in Fig. 3-9). In 
contrast, methanol extraction returned the highest compound recovery that accounts for an 
average 67.7% of total extraction yield (as shown in Table 3-2). This implies a possible wide 
spread of polar functional groups in coal extractable matter, but may also be due to an 
advantage in being the earlier solvent in the sequential extraction process, with access to a 
wider spectrum of extractable compounds. The remaining 31% of extractable material was 
captured in the subsequent DCM wash step. The majority of compounds detected are found 
in both methanol and DCM extracts. The former generally demonstrates a higher content of 
heteroatoms. Among the six samples, the shallowest and the deepest coals PEN9-003 and 
PEN9-043 contain the highest proportion of solvent-extractable materials: 12% and 11.6% 
respectively (see Table 3-2). Extractability of coal decreased with depth in the first five 
samples, and had its minimum just below the lower boundary of Tangalooma Sandstone (3.8% 
in PEN9-034). The extraction yields compare favourably to GC-MS results. An average 67.3% 
(based on peak intensity, i.e. area under peak) of detected compounds are shown to be 
derived from methanol extracts (see Fig. 3-10b).  
Taking a closer look at the composition of organic extracts (combined methanol and DCM), 
aliphatic compounds are dominant in all coals with proportions from the shallowest to 
deepest coals of 69%, 59%, 69.5%, 70%, 60.8%, and 81.9%, respectively (see Fig. 3-10c). 
This is consistent with the perhydrous nature of Walloon coals (Scott et al., 2007). Acyclic 
Alkanes, Acyclic Alcohols and Acyclic Esters form three major groups of aliphatic 
compounds that are collectively responsible for 89.0%, 85.8%, 90.1%, 88.2%, 90.1% and 
95.0% of aliphatic peaks in each sample (Fig. 3-10 D, E). Others like Polycyclic Aliphatic 
Hydrocarbons, Acyclic Ethers, and Acyclic Amines occurred in much lower concentrations. 
Acyclic Alkanes are, in all cases, the most prevalent group of compounds. It is dominated by 
n-alkanes from C17 to C29. Abundance of n-alkanes peaks in PEN9-043, and decreases 
moderately through samples PEN9-014, PEN9-003, PEN9-024, PEN9-029 and PEN9-034. 
The proportion of n-alkanes ranges from 27.6% in PEN9-003 to 51.7% in PEN9-029 with an 
average of 42.5%. The distribution of n-alkanes follows a unimodal pattern, with maximum 
at C27. Longer-chain alkanes (C23- C29) occurred at higher concentrations than the shorter 
chain compounds (C17 – C23). n-Pentacosane (C25) and n-heptacosane (C27) are the two most 
106 
 
106 
 
abundant compounds of the group. Odd-carbon-numbered-chain homologues are again found 
to be dominant. The carbon preference index (CPI, Marzi, et al., 1993) calculated for each 
coal is given in Table 3-6. Among the six samples, PEN9-003 and 043 coals are distinguished 
by a wealth of long chain normal alcohols (C10 to C20) that make up 20.8% and 22.7% of the 
total peak intensity in the two samples, respectively. This is significantly higher than the 
average of 2.23% in the other coals. The alcohols display a dominance of odd homologues, 
with emphasis on 1-tridecanol (C13) and 1-pentadecanol (C15). The same two samples are also 
the richest in fatty esters, which account for 13% and 10.8% of total peak areas. The average 
proportion of the esters is 10.6% with moderate difference among samples. The acyclic esters 
identified in this experimental study are composed primarily of mid-long chain fatty acids 
(C14 – C24), associated with methyl or ethyl alcohols with the exception of propanoic acid 2-
methyl-, 2-ethyl-3-hydroxy hexyl ester and 2-propenoic acid tridecyl ester. Hexadecanoic 
acid methyl ester, octadecanoic acid methyl ester, and tetracosanoic acid methyl ester, were 
identified as the most abundant saturated esters. Others include pentadecanoic acid methyl 
ester, octadecanoic acid 1-methylethyl ester, heptadecanoic acid methyl ester, and propanoic 
acid 2-methyl-, 2-ethyl-3-hydroxyhexyl ester in decreasing order of abundance. Among the 
unsaturated esters, 9-octadecenoic acid methyl ester, (E)- occurred at the highest 
concentrations. Also present are hexanedioic acid bis (2-ethyl hexyl) ester, ethyl 9-
tetradecenoate, 2-propanoic acid tridecyl ester, ethyl oleate, ethyl 9-hexadecenoate, and 9-
hexadecenoic acid methyl ester, (Z)-, beginning with the richest. The saturated esters 
demonstrate a slight dominance over the unsaturated by a ratio of 1.25 based on peak area.  
The distribution of aromatic compounds appears to be more scattered (Fig. 3-10 D, E). 
Compound groups Monocyclic Aromatic Hydrocarbons, Polycyclic Aromatic Hydrocarbons 
(PAHs), Heterocyclics, and Cyclic Aliphatic Hydrocarbons fused to Benzene Rings were 
detected in significant ammounts. The average proportions among the 6 samples are 9.39%, 
6.35%, 5.42%, and 1.25%, respectively. Within the group Monocyclic Aromatic 
Hydrocarbons, alkyl benzenes are the most abundant, accounting for an average 46.5% of 
peak intensity within the group. They are predominated by members containing single C12 - 
C14 (predominantly C13) branched aliphatic side chains. Occurrence of multiple substitution 
(e.g. 1,2,3,4-) is infrequent and was only identified in PEN9-029 extract at low concentrations. 
Compounds with heterogeneous functional moieties are also present with significance, 
accounting for an average 41.3% of peak intensity within the group. 4,4'-
Diacetyldiphenylmethane and 3,5-bis(1,1-dimethylethyl)-4-hydroxy-benzenepropanoic acid 
are the two most abundant members of this kind. PAHs detected in the 6 samples contain 
exclusively alkyl naphthalenes and phenanthrenes with a dominance of the former. 
Concentrations of both Monocyclic Aromatic Hydrocarbons and PAHs generally decrease 
and then increase with sample depth, inflecting around the Tangalooma Sandstone. Within 
the group Heterocyclics, dibenzofuran appeared to be the most significant member, which is 
also the single most abundant aromatic compound (average 4.27% of total peak intensity). 
Others such as 7-ethyl-2,4-dimethyl-10H-benzo[b][1,8]naphthyridin-5-one was also detected 
but in low concentrations. Compounds within the group Cyclic Aliphatic Hydrocarbons 
Fused to Benzene Rings occurs predominantly in the form of two or three fused rings of 
which one is aromatic. Members with heterogeneous moieties account for an average 78.7% 
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of peak intensity within the group. 7-Acetyl-6-ethyl-1,1,4,4-tetramethyltetralin and 
dehydroabietylamine are the two most significant members of this kind. Peak intensity of the 
group generally decreases with an increase in sample depth. The two shallowest coals PEN9-
003 and PEN9-014 contain the highest quantity of aromatic compounds (based on total areas 
of aromatic peaks), and PEN9-014 in particular, has the highest proportion. A detailed list of 
major compounds (with average proportions higher than 0.5% of total peak intensity) in the 
solvent-extractable matter is given in Appendix 2. 
Table 3-6: Geochemical indices for sample extracts. 
Samples PEN9-003 PEN9-014 PEN9-024 PEN9-029 PEN9-034 PEN9-043 
CPI in n-
alkanes 
1.4 1.64 1.33 1.27 1.12 1.59 
* CPI = carbon preference index, calculated using equation: , 
modified from Marzi, et al., (1993). 
 
 
CPI =
∑(𝐶17−27)𝑜𝑑𝑑+ ∑(𝐶19−29)𝑜𝑑𝑑
2×(∑ 𝐶18−28)𝑒𝑣𝑒𝑛
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Figure 3-9: Examples of GC-MS total ion current chromatograms. (A) Retention time index for n-alkanes from C10 to C30 , 
and pure compound standards of hexadecanoic acid, methyl ester and 1heptadecanol; (B) methanol extracts of PEN9-003 
fresh coal, water extracted coal and microbially-digested coal from bioassay. The labelled compounds are 1) 1-Decanol, 2) 
Dibenzofuran, 3) 1-Tridecanol, 4) 1-Pentadecanol, 5) Hexadecanoic acid, methyl ester, 6) 1-heptadecanol, 7) Methyl 
stearate , 8) Naphthalene, 7-butyl, 1-hexyl,  9) 1-Eicosanol, 10) 4,4'-Diacetyldiphenylmethane, 11) n-Tricosane, 12) n-
Tetracosane, 13) n-Pentacosane, 14) Bis(2-ethylhexyl) phthalate (contaminant), 15) n-Hexacosane, 16) n-Heptacosane, 17) 
n-Octacosane, and 18) n-Nonacosane. Clear discrepancy has been observed between the chromatograms of methanol 
extracts from fresh and water-extracted coals, indicating coal organics have a degree of water-solubility. (C) methanol 
extracts of PEN9-043 fresh coal, water extracted coal and microbially-digested coal from bioassay. The labelled compounds 
are 1) 1-Decanol, 2) Dibenzofuran, 3) 1-Tridecanol, 4) n-Heptadecane, 5) Pristane, 6) 1-Pentadecanol, 7) Hexadecanoic 
acid, methyl ester, 8) 1-Heptadecanol, 9) Methyl stearate, 10) Naphthalene, 7-butyl, 1-hexyl, 11) 1-Eicosanol, 12) 4,4'-
Diacetyldiphenylmethane, 13) n-Tricosane, 14) n-Tetracosane, 15) n-Pentacosane, 16) Bis(2-ethylhexyl) phthalate 
(contaminant), 17) n-Hexacosane, 18) n-Heptacosane, 19) n-Octacosane, 20) n-Nonacosane. Clear discrepancy is observed 
between the chromatogram of methanol extracts from the microbially degraded coal and those from fresh and water-
extracted coals, indicating that coal organics were degraded in bioassays.  
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Figure 3-10: Characterisation of coal extracts using GC-MS. (A) Yield of sequential extraction with three solvents based on 
weight (dry basis) – water, methanol and DCM. Methanol extract contains the most extractable matter, followed by DCM 
and water.  (b) Extractability of fresh coal samples with methanol and DCM based on GC-MS peak intensity. (C) Relative 
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abundance of aliphatic and aromatic compounds in coal extractable matters based on GC-MS peak intensity. Aliphatics 
occur by a higher proportion than aromatics in all samples. (D) Characterisation and quantification of compound groups in 
coal extractable matter. Data combines methanol extract and DCM extract. Blue- aliphatic compounds, Red/yellow = 
aromatic compounds. (E) Percentage distribution of compound groups in coal extractable matter based on GC-MS peak 
intensity. Quantification of compounds was done by measuring the area under peaks. Summed peak areas of PEN9-003 
extract (both methanol and DCM) was used as the norm to give normalized peak areas in graphs B, C and D. Hydrocarbons 
in this context refer to not only compounds that are made of H and C elements, but also those with heteroatoms-containing 
functional groups connected to carbon backbones. Any molecules that contain heteroatoms such as O, N, S as a part of a 
ring structure is classified as a heterocyclic compound. Aromatic hydrocarbons (both monocyclic and polycyclic) here refer 
to molecules that have benzene rings connected to aliphatic moieties (both cyclic and acyclic) via only sigma bonds. 
Monocyclic aromatic hydrocarbons represent compounds with one or multiple benzene rings connected with each other via 
sigma bonds. Compounds with aromatic units fused to cyclic aliphatic moieties are classified as ‘cyclic aliphatic 
hydrocarbons fused to benzene rings’. Unless denoted ‘cyclic’, all compound groups are considered to contain only acyclic 
structures.   
3.4.5 Bioavailability of Coal Extracts 
Differences in the organic composition of fresh (Fig. 3-4, fraction D & E) and microbially-
digested coals (Fig. 3-4, fraction F & G) reveal the bioavailability of the coal samples. Table 
3-7 summarises the percentage elimination of different portions of coal extracts. The two 
most extractable samples PEN9-003 and PEN9-043 were also the most degradable. An 
overall 46% and 45.6% (based on peak area) of extracted materials were eliminated in 
bioassays grown on the two coals, in contrast to the average 28.8% observed for the 
remaining samples. The high elimination rates are attributable to the aliphatic components in 
the extracts. Biodegradation has broken down 56.6% and 49.9% of the aliphatic compounds 
in the extracts of the two coals. This is significantly higher than the average of 33.3% for the 
remaining samples. In comparison, aromatic compounds are less bioavailable and showed 
very similar levels of degradation in all samples, with an average 20% of elimination. In 
terms of solvents, methanol extracts have appeared to be more degradable than DCM extracts. 
This may be in part, due to the presence of more polar moieties in methanol extract but could 
also be due to the fact that methanol was the first solvent so that a wider variety of 
compounds were encountered than were those in the subsequent DCM.     
Table 3-7: A general summary of compound elimination in coal extracts. Elimination is given by the quotient of loss in GC-
MS intensity after biodegradation and the intensity in extracts of raw coals multiplied by 100%.   
Samples PEN9-003 PEN9-014 PEN9-024 PEN9-029 PEN9-034 PEN9-043 
 Elimination % 
Total extract 46 24.4 27.7 28.6 34.5 45.6 
Methanol extract 59.9 27.9 31.2 29.2 34.7 56 
DCM extract 18.2 19.5 20.5 26.6 33.5 16.1 
Aliphatics 56.6 27.6 32.6 33.3 39.8 49.9 
Aromatics 22.2 19.9 15.9 17.8 18.2 25.9 
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Taking a closer look into the compound groups, the importance of individual groups to the 
overall bioavailability of coal is summarised in Fig. 3-11. Aliphatic compounds contribute 
significantly to bioavailability in all samples. The proportions of biodegraded aliphatic 
groups to the total elimination of extractable compounds (peak area lost upon microbial 
digestion) in bioassays are 85%, 68%, 84%, 81%, 78% and 91% for the six coals respectively. 
The three major aliphatic groups: Acyclic Alkanes, Acyclic Alcohols, and Acyclic Esters are 
of paramount significance. Collectively they are responsible for 60% (in PEN9-014) to 89% 
(in PEN9-043) of total compounds degraded (Fig. 3-11 B). Acyclic Alcohols, in particular, 
contributed to the bioavailability of the PEN9-003 and PEN9-043 coals. This single group 
accounts for over 40% of total elimination that distinguishes the two samples from the others 
in both amount and extent of biodegradation (Fig. 3-11 A). Acyclic Ester is the second 
contributing group in the two samples, responsible for 25% and 21% of total elimination. 
This is followed by Acyclic Alkanes with 13% and 18%. Among the other 4 samples, 
Acyclic Alkanes are the top contributors to coal bioavailability, accounting for an average 
34.5% of biodegradation. This is followed by Acyclic Esters: 16% (PEN9-029) to 32% 
(PEN-034), and Acyclic Alcohols: 5% to 10%. Acyclic Ethers forms another significant 
group in the PEN9-029 and PEN9-034 coals, bringing about 12% and 6% of total 
biodegradation, respectively. In general, bioavailability of coals is less dependent on aromatic 
compounds, and even for PEN9-014 in which it is most important, they provide only 32% of 
total compound elimination (Fig. 3-11). The contribution is much less in the other samples 
with the average being 16%. Dibenzofuran is one of a few prominent aromatics that has a 
significant impact on coal bioavailability, accounting for 14% in PEN9-014, 9% in PEN9-034, 
6% in PEN9-029, and less significantly 2% and 1% in PEN9-003 and PEN9-043, 
respectively (Fig. 3-11B). A slightly different trend was observed with Monocyclic Aromatic 
Hydrocarbons, providing 11.3% of compound elimination in PEN9-014 extracts, and lower 
proportions of 8.31% in PEN9-024, 8.02% in PEN9-043, 7.75% in PEN9-029, 7.71% in 
PEN9-003, and 6.43% PEN9-034, respectively (Fig. 3-11B). For other groups, Polycyclic 
Aliphatic Hydrocarbons accounts for a significant proportion of solvent-extractable matter 
biodegradation in PEN-014 (6.77%) and PEN9-024 (3.47%) coals; and Polycyclic Aromatic 
Hydrocarbons is significant in PEN9-034 (4.31%), PEN9-014 (4.24%), and PEN9-024 
(3.15%) coals (Fig. 3-11B). 
Figure 3-12 summarises the bioavailability of different compound groups based on averages 
for the six samples. Aliphatic compounds of Acyclic Alcohols, Acyclic Ester, Acyclic Ether, 
and Acyclic Amine demonstrated top degradability with more than 50% being eliminated in 
bioassays. Acyclic alcohols were almost completely degraded in all samples (insignificant 
peaks remain in the extracts of digested samples). The low DOC (Table 3-5) in bioassay 
residues precludes the possibility of significant compound loss due to water leaching. The 
group Acyclic Esters was also substantially degraded by a conversion over 0.8. This is 
followed by Acyclic Amines (0.77), and Acyclic Ether (0.61). Nevertheless, the contribution 
of the last two groups to the overall bioavailabilty of coal is minimal, as a result of their low 
concentrations. On the contrary, the most abundant aliphatic group, Acyclic Alkanes, and 
aromatic group, Monocyclic Aromatic Hydrocarbons turned out to be just moderatedly 
degraded (average 0.209 and 0.228 conversions, respectively, Fig. 3-12). This limits the 
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overall bioavailability of the coal extracts. Compounds with heteratoms are in general, more 
degradable in bioassays (average conversion 0.452) than those made of simply carbon and 
hydrogen (average conversion 0.141). Monocylic aromatic hydrocarbons with heterogeneous 
functional groups show an average 0.293 conversion, in contrast to 0.191 of those without. A 
similar trend was observed with the group Cyclic Aliphatic Hydrocarbons Fused to Benzene 
Rings, of which compounds with heteroatoms show an average conversion of 0.282, whereas 
those without show a conversion of 0.126. This evidence is consistent with the general belief 
that heterogeneous moieties are usually activation sites for microbial degradation (Strąpoć et 
al., 2011). The error bars show reasonably small variation, suggesting similar extent of 
degradation of individual compounds across different samples. A detailed list of average 
bioconversions of compounds can be found in Appendix 2.  
The total compound elimination of each sample is plotted in the same graph with methane 
yields minus the amount producible from VFA-As in Fig. 3-13. The two curves demonstrate 
matching trends. A futher regression analysis reveals a strong correlation between the two 
sets of data with an R
2
 value of 0.901 (Fig. 3-13 B). This indicates a likely tight association 
between biogenic methane production and the observed compound elimination in bioassays.  
 
Figure 3-11: Quantification of biodegradation extent in compounds groups of coal organic extracts. (A) Quantification of 
compound losses due to biodegradation. The values show the difference between the detected GC-MS peak areas of fresh 
and digested samples, normalized with respect to the total peak area of fresh PEN9-003 coal extract. Data combines 
methanol extract and DCM extract. (B) Percentage contribution of compounds groups to overall bioavailability of 
individual samples.    
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
N
o
rm
al
is
ed
 a
re
a 
o
f 
b
io
el
im
in
at
ed
 c
o
m
p
o
u
n
d
s 
(i
n
te
n
si
ty
 u
n
it
) 
Cyclic aliphatic hydrocarbons fused to benzene rings
Polycyclic aromatic hydrocarbons
Polycyclic aliphatic hydrocarbons
Heterocyclics
Monocyclic aromatic hydrocarbons
Acyclic amine
Acyclic alkanes
Acyclic alcohols
Acyclic ethers (A) 
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
C
o
n
tr
o
b
u
ti
o
n
 t
o
 t
o
ta
l b
io
d
eg
ra
d
at
io
n
 (
%
) 
(B) 
114 
 
114 
 
 
Figure 3-12: Biodegradability of individual compound groups. Values show the fractional conversion of particular 
compound groups in bioassays (based on GC-MS peak intensity) based on average of the six coals. Error bars represent a 
standard deviation away from the mean values. Groups Acyclic Esters, Acyclic Ethers, Acyclic Alcohols, and Acyclic Amines 
have demonstrated highest biodegradability with average conversion higher than 60%.  
 
 
Figure 3-13: (A) Comparison between VFA-free methane yield and bio-elimination of coal extractable matters. VFA-free 
methane yield was calculated by subtracting the observed methane by the maximum amount of methane producible from 
VFA-As assuming 100% conversion. Normalized elimination was calculated by dividing the difference between the summed 
peak areas of fresh and bioassay residue by that of the fresh PEN9-003 coal. (B) Linear regression showing the relation 
between compound elimination and VFA-free methane yield, with an R2 value.  
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3.5 DISCUSSION 
3.5.1 Relation of Coal Bioavailability with Petrographic Characteristics and Sample Depth 
A linkage between coal petrographic characteristics with bioavailability or extractability of 
coal is of interest yet controversial. In this study, neither methane production nor extraction 
yield correlates strongly with maceral composition at first glance. However, if PEN9-029 and 
PEN9-034 are disregarded, the total peak intensity (as measured in GC-MS) in organic 
extracts (combining methanol and DCM extracts, Fig. 3-4 fraction D + E) of the remaining 
four coals is found to be positively associated with contents of liptinite (R
2
=0.82, as shown in 
Fig. 3-14 A). This is consistent with the general view that liptinite macerals are oil-prone due 
to the perhydrous nature of source materials such as spores, cutin, suberin, resins, waxes, 
balsams, latex, fats, and oils (Levine, 1993, Ratanasthien et al., 1999, Saxby and Shibaoka, 
1986, Stach et al., 1982, Taylor et al., 1998, Wilkins and George, 2002). The same linear 
relationships are observed at submaceral level, specifically suberinite, sporinite and 
liptodetrinite from the liptinite group (suberinite is shown in Fig. 3-14). The R
2
 values for 
suberinite is rounded to 1.0, suggesting a strong correlation. Suberinite, in particular, 
originates from bark and roots (Taylor et al., 1998) and is known to generate substantial 
amounts of C12+ waxy normal hydrocarbons at reflectance below 0.6% (Khavari-Khorasani 
and Michelsen, 1991). Sporinite has its origin from the outer cell walls of spore and pollen 
that consists of mainly sporopollenin, an oxidative polymer of carotenoids (Brooks and Shaw, 
1978, Powell et al., 1991, Taylor et al., 1998). This allows it to generate lower molecular 
weight compounds of branched and cyclic or aromatic nature upon thermal cracking 
(Mukhopadhyay and Hatcher, 1993; Powell et al., 1991). Liptodetrinite is of finely detrital 
nature, originating from fragments and degradation remains of sporinite, cutinite, resinite, 
alginate and suberinite (Mukhopadhyay and Hatcher, 1993; Taylor et al., 1998). Molecular 
hydrocarbons within liptodetrinite are said to be non-waxy and low-molecular-weight, similar 
to those in sporinite (Powell et al., 1991; Wilkins and George, 2002). The fact that suberinite 
is present in dominant quantity and that it correlates tightly with contents of extractable 
matter (with R
2
 value of almost 1 in Fig. 3-14 B) seems to support it as a major control for 
solvent extractability in the studied samples. This is also consistent with the dominance of 
waxy compounds in the extracts, a characteristic of suberinite hydrocarbons. Sporinite and 
liptodetrinite, as the second and third most abundant liptinite macerals, are thought to have 
significant contribution to the formation of non-waxy compounds. However, the fact that the 
contents of the two macerals fail to associate with concentration of cyclic hydrocarbons and 
aromatics in the solvent extract (shown in Fig. 3-10) seems to preclude them as the only coal 
fractions that produce these compounds. Resinite, for example, is capable of generating 
terpenoids, which are readily convertible to aromatics upon maturation (Mukhopadhyay and 
Hatcher, 1993). The relatively rich resinite contents in PEN9-014 and PEN9-003 (shown in 
Table 3-4) match favourably with the high abundance of aromatics detected in the solvent 
extracts of the two samples (shown in Fig. 3-10). Perhydrous vitrinites of the telovitrinite 
(telinite and collotelinite) and detrovitrinite (vitrodetrinite and collodetrinite) groups have 
also demonstrated the potential to generate oil (Wilkins and George, 2002 and the references 
therein) with non-waxy characteristics (Powell et al., 1991). Vitrinites in this study are 
identified as perhydrous as per discussion in Section 3.3.1.  
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The anomalous behaviour of PEN9-029 and PEN9-034 coals (the outliers in Fig. 3-14) in 
relation to the linear regression in Fig. 3-14 is not to be overlooked. The two samples are rich 
in oil-prone macerals, yet produced the least solvent extraction yield. In particular, PEN9-029 
is distinguished by a wealth of VFAs and alcohols, whose contents are 2.5 times the average 
of the other 5 samples (Fig. 3-8). This is in addition to the regional trend of generally higher 
biogenic gas contents at the stratigraphic level where these 2 coals were sampled (i.e. near the 
Tangalooma Sandstone, Hamilton et al., 2012), suggesting a likely realtime in-situ 
fermentation that gives rise to VFA-As and eventually biogas at the expense of coal 
extractable matter, which is shown to be bioavailable in this study. This hypothesis may not 
readily explain the discordance of PEN9-034 that contains little VFA-As. It is however, 
noteworthy that in contrast to the rich fraction of liptinite, especially suberinite in the PEN9-
034 coal, the contents of telinite and collotelinite are remarkably low (the lowest of the six 
samples). These particular macerals are known for their well-preserved plant cell structure 
that offers porosity for oil storage (Mukhopadhyay and Hatcher, 1993). Lack of telinite and 
collotelinite in PEN9-034 coal may indicate the inability to store hydrocarbons, consequently 
causing migration of oils that have been generated. It is noted that PEN9-003 coal with the 
highest extraction yield also has relatively low telinite and collotelinite contents. However, 
this may be compensated by the likely presence of macropores, which can be produced by 
tectonic uplift (PEN9-003 is the shallowest) and occur in much lower abundance in deeper 
coals (such as PEN9-034, Littke and Leythaeuser, 1993). It is therefore hypothesized that 
production of hydrocarbons in the samples, especially waxy compounds is largely dependent 
on liptinite, whereas their preservation requires vitrinite and the absence of strong microbial 
activity capable of converting them to biogas.   
In addition to extraction yield, depositional environment and exposure to underground 
microorganisms could also directly affect coal bioavailability in laboratory bioassay. 
Stratigraphic influence on laboratory coal biomethane yield was not only observed in this 
study (in Fig. 3-7A) but also samples (such as those in Jones et al., 2008) from other closely 
associated locations. Since different coal seams vary in permeability and fracture 
development, the access of coal to microorganisms introduced via meteoric recharge could 
also be different. These microbes function as in-situ fermenters (Hamilton et al., 2015, Jones 
et al., 2008). They might then produce intermediates such as acetate (Robbins et al., 2016a). 
These compounds may themselves be precursors for methanogenesis or be easily converted 
into appropriate precursors which are readily bioavailable and, if not fully consumed in the 
coal seams, will contribute to methane yield in bioassays. A likely example is the PEN9-029 
(lower Juandah) coal that has both the highest VFA-As concentration (Fig. 3-8) and 
biomethane yield (both from coal seam and laboratory, Fig. 3-7), a phenomenon that cannot 
be explained solely by coal properties such as proximate, ultimate and petrographic 
composition, or rank. Importantly, lower Juandah coals are more permeable owing to higher 
vitrain contents and better cleating, which may have enhanced microbe ingress via 
groundwater flow (Hamilton et al., 2015). On the other hand, an active microbial consortium 
in the coal seam might also deplete the local bioavailable fractions, decreasing the 
biomethane potential of the coal. This leads towards the hypothesis that while coal 
composition could be a primary factor for bioavailability (supported by extractability in the 
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previous paragraph and further discussion in Sections 3.4.2 and 3.4.3), post-depositional 
modification of coal by in-situ microorganisms is capable of exerting a secondary effect that 
could potentially increase methane yield in bioassays.   
It should however be noted that the coal samples characterised in this study are specific to the 
size range of 300 – 500 μm, which may not fully represent the composition of the in-situ coal 
seam. This is because different types of macerals vary in strength and brittleness and might 
segregate disproportionally across size fractions upon crushing, causing bias to the above 
interpretations. Moreover, macerals in difference size fractions may vary in accessibility not 
only due to the change in total surface area, but also because some macerals are physically 
entrapped in others (e.g. corpogelinite occurs mostly as cell infillings in suberinte, 
(Mukhopadhyay and Hatcher, 1993) and would only be exposed when they are crushed. The 
enlargement in surface area after crushing would also magnify the rate and yield of methane 
production as opposed to those in the field (Papendick et al., 2011). The implications drawn 
in this study should therefore be mainly linked to the compositional features themselves 
rather than being extrapolated across the Surat Basin Walloon CSG play. That said, the 
sensible relationship observed between field gas contents and laboratory results warrants 
future investigation.     
 
Figure 3-14: Linear regression between total peak intensity of organic-solvent-extractable matter and contents of macerals 
(A) liptinite group; (B) suberinite in four of the six samples. PEN9-029 and PEN9-034 were treated as outliers. Strong 
correlations suggest that the abundance of liptinite, particularly suberinite, is crucial for generation of solvent-extractable 
matter in the samples. Nevertheless, the two outliers indicates there are other factors (e.g. gelified vitrinite, exposure to 
groundwater as discussed in Section 4.1) that can affect preservation of the extractable matter.  
3.5.2 Origin and justification of the identified compounds in coal extract 
3.5.2.1 n-Alkanes 
Compound characterisation using a combination of solvent extraction and GC-MS has long 
been used to examine coal composition. In this study, particular focus has been applied to 
three aliphatic groups: n-alkanes, n-alcohols and aliphatic esters since these dominate the 
extractable compounds detected (Section 3.4.4) and greatly contribute to degradability of 
coals (Section 3.4.5). Being a major biomarker group, the presence of n-alkanes in coal 
organic extracts has been extensively reported (Fabiańska et al., 2013; Furmann et al., 2013a; 
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Gao et al., 2013; Romero-Sarmiento et al., 2011), spanning over a wide spectrum of C13 to 
C30 that encompass the range detected in this experiment.  
All of the six PEN9 coal extracts were enriched in long-chain homologues of n-alkanes from 
C23 to C29. A dominance of odd-carbon-numbered homologues was evident with CPI values 
greater than unity (Table 3-6). These signify an origin of epicuticular leaf waxes from 
terrigenous plants, a typical feature of coals containing cutinite (e.g. the studied samples) 
(Brooks et al., 1969, Didyk et al., 1978, Eglinton and Hamilton, 1967, Reddy et al., 2000). 
The bulk quantity of n-alkanes could also be derived from decomposition of suberinite as 
discussed above (Khavari-Khorasani and Michelsen, 1991).  
3.5.2.2 n-Alcohols 
Compared to alkanes, the presence of n-alcohols in coal extracts is less frequently 
documented, presumably as it is not a typical coal biomarker. Like n-alkanes, the occurrence 
of n-alcohols was also demonstrated in the precursor epicuticular leaf waxes of higher plants 
(Dzou et al., 1995, Eglinton and Hamilton, 1967, Mudge et al., 2009). Bacterial biomass 
represents another possible direct input for mainly shorter chain homologues (C14 – C18) 
(Mudge et al., 2009, Parkes and Taylor, 1983). n-Alcohols of bacterial origin are 
characterised by a dominance of odd-carbon-numbered chains (Parkes and Taylor, 1983), 
which is consistent with the profile observed in this study (as described in Section 3.3.4). 
This supports a likely significant contribution from bacteria during coalification. The fact that 
odd-carbon-numbered chains also dominate the n-alkanes, and that these are microbially 
convertible to n-alcohols via hydroxylation in a manner where the number of carbon is 
preserved (Ishige et al., 2003, Soltani et al., 2004), suggests that formation from plant waxes 
during coalification could also be a significant pathway. Given the high abundance of normal 
alcohols that were found (especially in PEN9-003 and PEN9-043), co-occurrence of the two 
mechanisms is likely and is reasonable as they both involve microorganisms. Direct evidence 
of n-alcohols in coal was presented by  Glombitza et al. (2016) in a series of New Zealand 
coals with maturity up to R0 0.52%. Such information is, however, limited in the current field 
of research.  
The large difference in alcohol content between PEN9-003 and PEN9-043 and the rest of the 
samples is also noteworthy. This might be attributed, in part, to the elevated content of waxy 
liptinite (Fig. 3-14), which formation involves participation of bacterial biomass 
(Mukhopadhyay and Hatcher, 1993, Taylor et al., 1998). However, the liptinite difference is 
insufficient to explain fully the large discrepancy in alcohol content. Post-depositional 
microbial modification may again be crucial to the preservation of the hydrocarbons. Samples 
PEN9-003 and PEN9-043 that are richest in n-alcohols might have encountered little 
microbial activity post-uplift, whereas those with low alcohol content might have undergone 
strong microbial alteration that exhausted the compounds in exchange for biogas (e.g. PEN9-
029 which is likely to have more groundwater exposure, see Section 3.4.1).   
3.5.2.3 Fatty Esters 
Fatty esters detected in this experimental study occurred in the saturated and unsaturated 
form, both with and without side chains. In most cases, fatty acids constitute the backbones of 
119 
 
119 
 
the esters, accompanied by single or double carbon unit alcohols. The presence of fatty esters 
(either as esters or free fatty acids) in coal extractable matter has been reported by a number 
of studies (Glombitza et al., 2009a, Oldenburg et al., 2000, White et al., 1979, Zink et al., 
2008). As with the alkanes, saturated normal fatty acids or esters are also a constituent of leaf 
wax of higher plants (Dzou et al., 1995, Eglinton and Hamilton, 1967, Mudge et al., 2009), 
with predominance in even-carbon-numbered members (Eglinton and Hamilton, 1967, 
Glombitza et al., 2009b), a feature that agrees with the observations of this study. Waxy 
esters can also be produced from n-alkanes and 1-alkanols by microorganisms (Ishige et al., 
2003, Ishige et al., 2002), a reaction that could happen during diagenesis together with 
formation of n-alcohols. Bacterial cell mass is an alternative important resource for fatty 
acids with shorter chain length (< C20) (Glombitza et al., 2009b, Oldenburg et al., 2000, 
White et al., 1979, Zink et al., 2008). In particular, C16 and C18 fatty acids, in both saturated 
(palmitic acid and stearic acid respectively) and unsaturated forms are the main components 
in the phospholipids of bacteria cell membranes (White et al., 1979, Zink et al., 2008). 
Methyl esters of palmitic acid (C16) and stearic acid (C18) were also identified in extracts of 
bacterial biomass, for example, Arthrobacter sp. and P. aeruginosa (Botvinko et al., 2014). 
Extracellular methyl palmitate, methyl stearate and methyl oleate were also found in 
methylotrophic bacteria as growth factors and adaptogens (Botvinko et al., 2014). The fact 
that the saturated normal fatty acids in this study are dominated by C16 and C18 homologues 
and that they occurred exclusively in the form of methyl esters seem to again imply a 
significant input from bacteria biomass during coalification. 
It may be noted, however, that the use of methanol as a solvent could trigger esterification 
with free fatty acids during extraction. That said, the methyl esters detected could have 
actually been fatty acids, which are abundant in both terrestrial plants and microorganisms 
(Eglinton and Hamilton, 1967, White et al., 1979). Distribution of n-fatty acids in coals has 
been reported to follow a bimodal pattern with the first maximum at C16 and C18 and second 
around C24 and C26 in New Zealand coals (Glombitza et al., 2009b). This corresponds with 
our finding that C16, C18 and C24 are the most prevalent.  
Research has also reported the occurrence of other methyl and ethyl esters of unsaturated and 
branched fatty acids, detected in this study. In particular, hexanedioic acid bis(2-ethylhexyl) 
ester was isolated as a secondary metabolite in the terrestrial Streptimyces (Elleuch et al., 
2010); tetradecanoid acid (myristic acid) was found in leaf epicuticular waxes (Eglinton and 
Hamilton, 1967); and branched fatty acids have been associated with bacterial origin (Johns 
et al., 1977).  
Although the six PEN9 samples show less variation in the content of aliphatic esters, the 
concentrations are still notably higher in the two coals (PEN9-003 and PEN9-043) that are 
rich in n-alcohols. This could support the hypothesis made in the previous section, suggesting 
a combined effect of source material (and therefore maceral composition) and post-
depositional modification on the contents of the compounds.   
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3.5.2.4 Aromatic Compounds 
Occurrence of aromatic compounds in organic extracts of subbituminous coals has also been 
reported globally (Fabiańska et al., 2013, Furmann et al., 2013a, Furmann et al., 2013b, Gao 
et al., 2013, Romero-Sarmiento et al., 2011). Liptinite macerals, such as resinite, sporinite 
and liptodetrinite that originate from materials rich in cyclics and aromatics (eg. resin, spores 
and pollent, and degradation remains of resinite and sporinite; Taylor et al., 1998) are capable 
of generating molecular aromatic compounds upon maturation (Mukhopadhyay and Hatcher, 
1993, Taylor et al., 1998). Perhydrous vitrinite is another source of extractable aromatics 
(Powell et al., 1993). Vitrinite macerals are composed predominantly of aromatic structures 
mainly derived from the lignin of woody plants (Hatcher et al., 1992, Hatcher and Clifford, 
1997). Coalification of lignin involves dihydroxylation, demethylation (cleavage of aryl-O 
bond) and cleavage of β-O-4 aryl esters to form phenol-like and catechol-like structures 
(Hatcher et al., 1988, Hatcher and Clifford, 1997, Stout et al., 1988). Further maturation 
transforms the phenols to benzofuran and diarylethers, which are then pyrolyzed to benzene-
like structures (Botto, 1987, Hatcher and Clifford, 1997). Dibenzofuran and alkylbenzenes 
occur at this stage within subbituminous to high-volatile bituminous coal ranks (Hatcher et al., 
1992, Hatcher and Clifford, 1997). The resulting alkyl side chains of benzene rings may be 
further condensed to polymeric aromatic ring systems upon heating (Fakoussa and Hofrichter, 
1999, Hatcher and Clifford, 1997). The detection of a significant amount of dibenzofuran and 
alkyl benzenes, and to a lesser extent, hydroxylated benzene carboxylic esters (Appendix 2), 
in the extracts of the six PEN9 coals is consistent with the above description. The presence of 
dibenzofuran was also evidenced by other studies on extracts of subbituminous and 
bituminous coals (Fabiańska et al., 2013, Romero-Sarmiento et al., 2011). Polyaromatic 
hydrocarbons in this experiment occur exclusively as naphthalene and phenanthrene 
derivatives. This suggests a relatively moderate thermal alteration, which is reasonable for 
low ranks coals. The predominance of these compounds has been supported by other studies 
on coals of similar ranks (Fabiańska et al., 2013, Gao et al., 2013, Romero-Sarmiento et al., 
2011). Occurrence of 4,4'-diacetyldiphenylmethane, another significant compound in this 
study, was also reported in produced water from the Powder River Basin, northeastern 
Wyoming (Orem et al., 2007), providing support for the identification. The abundance of 
aromatic compounds in the six coal extracts first decreases and then increases with sample 
depth, inflecting around the Tangalooma Sandstone (Fig. 3-10C). This matches favourably 
with the general downhole gas trend of Walloon coal CSG wells (maximizes near the 
Tangalooma Sandstone, Hamilton et al., 2012), and may again indicate a significant impact 
of ongoing in-situ microbial activities on the preservation of extractable compounds (i.e. 
aromatics might have also been converted to biogas by indigenous microbes).  
3.5.2.5 VFA-As 
The presence of acetic acid and ethanol in the water extract of coals is noteworthy and some 
justification of their occurrence seems warranted. Although detected in low quantities, they 
would be significant sources of methane yield if being fully converted by methanogens (as 
discussed in Section 3.3.3).  
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Since coal is an excellent adsorbent for small organic molecules, any laboratory method to 
characterise coal bioavailability should avoid potential environmental contaminants. With 
that in mind, we use 10% benzalkonium chloride instead of ethanol for general laboratory 
aseptic practice. Silica gel desiccant in the anaerobic chamber is regularly regenerated to 
prevent accumulation of VFA-As that might come off opened culture bottles during 
inoculation. Crushed coal samples are stored anaerobically in glass bottles with metal caps 
and rubber seals so that exposure to the environment is minimized. Crushing of coal cores 
was carried out using consistent procedures within 48 hours, in the sequence of well number 
(i.e PEN9-003 being the first, and PEN9-043 being the last). The fact that VFA content varies 
notably among samples and that it peaks in the fourth sample (PEN9-029, with intermediate 
contents of porous vitrinite as shown in Table 3-4) demonstrates an intrinsic source of the 
compounds instead of environmental. This is further supported by the similar trends between 
the concentration of VFA-As (shown in Fig. 3-8, ethanol and acetate are precursors to 
biogenic methane) and the dominant downhole gas content trend in Walloon CSG wells 
generally (Hamilton et al., 2012).  
The question remains, however, as to how the ethanol and acetic acid are generated and 
preserved in the coal samples. Although not frequently reported, acetic acid was found in the 
formation water across multiple wells in the Powder River Basin associated with active 
aceDOClastic methanogenesis (Ulrich and Bower, 2008). It is identified as a key 
fermentative product of coal and an immediate precursor for methane production (Moore, 
2012, Papendick et al., 2011, Strąpoć et al., 2011). Even though most of the acetate formed 
in-situ may be expected to be consumed by methanogens, partial preservation is still possible. 
For example, in an environment with convective flow of groundwater, acetate molecules 
might have been washed away from biofilm and adsorbed to the surfaces of micropores (< 
2nm, Clarkson and Bustin, 1996) ) that have high affinity for acetate but are inaccessible to 
methanogens. Occurrence of acetate in laboratory aqueous solution of coal was also reported 
by Robbins et al. (2016a). In contrast, observation of ethanol in coal is unusual and needs 
explanation. We propose the potential pathways for ethanol formation in coal seams: 
1) Conversion from coal gas – Ethanol can be produced from CO2, CO and H2 in coal seam 
gas by the microbial strain Clostridium ljungdahlii along with production of equimolar 
acetate under anaerobic conditions (Elmore, 1990, Phillips et al., 1993). If the depletion 
rate of acetate by methanogens exceeds that of ethanol, accumulation of ethanol might 
occur. Examination of the indigenous microbial community is required to support this 
hypothesis.   
2) Fermentation from coal source materials – The typical fermentation product of both coal 
waxes and aromatics is acetyl-CoA, formed via β-oxidation (Cravo-Laureau et al., 2005, 
Harwood et al., 1998, Porter and Young, 2014). Direct formation of ethanol from higher 
hydrocarbons has not been reported yet. Cellulosic materials, a common structural 
component of precursor plants, seem to be the only plausible substrate for ethanol and 
acetic acid fermentation. Although microbial elimination of cellulose is believed to be 
thorough during diagenesis, a small portion of cellulose might still have been preserved 
and became available to microbes upon recharge of groundwater in modern times.    
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3) Hydrolysis of ester bond – Ester bonds on coal surface may undergo either microbial 
hydrolysis (Fakoussa and Hofrichter, 1999, Hofrichter and Fakoussa, 2001, Glombitza et 
al., 2009a) or abiotic cleavage via equilibrium reactions with pore water (Glombitza et al., 
2009a) to give free acids and alcohols. As such acetic acid or ethanol may be formed 
upon hydrolysis of an acetic or ethyl ester bond sticking out of the coal matrix. 
4) Groundwater carrying plant debris – Meteoric water carrying plant debris may enter the 
coal bearing aquifers (e.g. through natural recharge or even abandoned gas wells). This 
can provide cellulosic materials for ethanol and acetic acid fermentation.  
Due to the possible presence of coal seam microorganisms in PEN9-029 (as previously 
discussed), the relatively high VFA concentrations in the sample may be considered at least 
plausible.   
3.5.3 Bioavailability of solvent-extractable compounds 
The above results have demonstrated the bioavailability of the PEN9 Walloon coals to 
environmental microbial consortia. The fact that methane production in all bioassays finished 
within 1 month suggests that even without prolonged adaptation, a certain portion of coal still 
exhibits bioavailability to environmental cultures.  Moreover, the primary phase of methane 
production takes place within the first 13 days of the 1 month incubation period. Such fast 
kinetics indicates the readily degradable nature of the bioavailable compounds to conversion 
via methanogenic pathways. The quick onset of methane production and significant baseline 
methane from negative control (with only inocula, no coal) also indicate some carry-over of 
carbon source from the inocula digested sludge. This could potentially benefit the cultures by 
not only boosting the initial microbial population, which was diluted 10 times in new assays 
upon inoculation, but by also providing energy for initiating degradation of more recalcitrant 
compounds.  
3.5.3.1 Association between compound elimination and methane generation  
Methane generation from bioassays has been previously shown to correlate with compound 
elimination in coal extractable matter. However, it is still unclear how much of the eliminated 
compounds were finally converted to methane. A more explicit examination using mass 
balance is given to elucidate the maximum possible methane production assuming all 
eliminated compounds are metabolised through methanogenic pathways. A sample 
calculation based on the major groups of PEN9-003 extract is shown in Table 3-8. 
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Table 3-8: Exsample mass balance between compound elimination and methane production for PEN9-003 
Compound 
groups 
Reaction (formula based 
on weighted average) 
Mass of 
compound (mg/g) 
Avg. elimination 
(%) 
Theoretical 
max. CH4 
(mmol/g) 
n-Alcohol CH3(CH2)15.8CH2OH + 
7.9H2O → 13.35CH4 + 
4.45CO2  
24.9 100 1.24 
Aliphatic ester C17.9H34.4O2 + 8.4H2O → 
12.8CH4 + 5.1CO2 
15.5 87.7 0.619 
n-Alkane CH3(CH2)23.5CH3 + 
12.3H2O → 19.4CH4 + 
6.1CO2 
33.1 21.5 0.385 
VFA-As CH3CH2OH + H2O → 1.5 
CH4 + 0.5 CO2 
0.183 100 0.00597 
CH3COOH → CH4 + CO2 0.165 100 0.00275 
* Mass of compounds is approximated by multiplying the fraction of compounds based on 
GC-MS peak intensity to solvent extraction yield in Table 3-2. The average formula of 
compounds is based on GC-MS intensity-weighted average. The theoretical maximum CH4 
yield is calculated by assuming complete conversion of compounds via methanogenic 
pathway.      
The first three groups (in Table 3-8) that account for 83% of total compound elimination in 
the organic extract of PEN9-003 (as shown in Fig. 3-11) are used to approximate the 
theoretical methane yield from degradation of extractable compounds. Together with VFA-
As, they are capable of producing a maximum of 2.25 mmol of methane/g coal (55 m
3
/tonne). 
This is significantly higher than the average gas content reported in the field (5.36 m
3
/tone 
d.a.f. of primarily biogenic methane) (Hamilton et al., 2012). The actual maximum generation 
could be even higher, taking into account the remaining 17% of compound elimination. 
However, the observed methane yield from bioassay turned out to be just 1% of the 
calculated value. This suggests the presence of powerful alternative sinks for the degraded 
carbons. The fact that the other 5 samples show analogous scales of methane production and 
compound elimination to those in PEN9-003 coal suggests that the low conversion to 
methane is common to all samples. A couple of (speculative) factors that could explain this 
observation are:  
1) The great microbial diversity in the inocula digested sludge, once thought to be an 
advantage for compound degradation (justified in Section 3.2), may actually limit the 
amount of carbon available to methanogens. Different microbial species may process 
hydrocarbons in various ways that might not always lead to formation of methanogenic 
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precursors. Carbon dioxide is a common end product of hydrocarbon metabolism in the 
presence of other electron acceptors such as sulphate, nitrate and ferric ion (Harwood et 
al., 1998, Holliger and Zehnder, 1996, Porter and Young, 2014), which could occur in 
domestic wastewater where the inocula was sourced.  
2) In addition, methane production needs to compete with biomass growth for carbon usage. 
In the initial stage of bioassay, the low microbial population, diluted 10 times upon 
inoculation, and high carbon concentrations could favour microbe growth with the result 
that a great proportion of carbon substrates are likely to be incorporated into biomass. At 
the later stages of incubation, where bioavailable carbon became limiting, 
microorganisms would be compelled to degrade biomass to fulfil their energy demand. 
The fast growing bacteria strive harder for substrates, and might have outcompeted the 
Archaea methanogens. This could result in methanogens being decomposed and 
consumed by other bacteria as a carbon source, reducing the overall methane yield.  
Nevertheless, small molecules such as VFA-As are themselves easily convertible to 
methanogenic precursors (e.g. acetate), which generates ATP upon conversion to methane 
(Boone, 2000, Zeikus, 1977). This makes methanogenesis from VFA-As a more energetically 
favourable process than anabolic reaction (to form cell mass) that requires input of energy. 
The ATP generated can also help overcome the energy barrier in initiating degradation of 
higher hydrocarbons. This suggests a likely high conversion of VFA-As to methane, in 
contrast to the generally low conversion of other higher hydrocarbons. This hypothesis is 
consistent with the matching trend between VFA-A concentrations and the observed methane 
yields (as shown in Fig. 3-8). On the other hand, the above results may imply an appreciable 
hidden biomethane potential in the studied coals that could be unravelled when a better water 
chemistry and a relevant robust microbial community are given. 
3.5.3.2 Bioavailability and compound characteristics 
GC-MS analysis of solvent extracts on fresh and bioassay residue has demonstrated 
elimination of compounds through microbial digestion. Aliphatic compounds are, on average, 
more substantially degraded than aromatics. This is attributable to the high stability of 
aromatic ring structure as a result of delocalization of π electrons. In addition, methanol 
extracts displayed higher degradability than DCM extracts. This is due both to the fact that 
methanol has high affinity for polar functional groups, which are likely to serve as initiating 
sites for microbial attack (Furmann et al., 2013b, Hofrichter and Fakoussa, 2001, Strąpoć et 
al., 2011), and that the use of methanol as the first solvent in sequential extraction allows 
more biodegradable compounds to be sequestrated than in the subsequent DCM. Compounds 
with the highest degradability (i.e. groups Acyclic Alcohols, Acyclic Esters, Acyclic Ethers 
and Acyclic Amine), shown in Fig. 3-12, are predominantly aliphatic and concentrated in the 
methanol extracts, supporting the statement above. The fact that both aliphatic and aromatic 
compounds were significantly but incompletely degraded suggests concurrent utilisation of 
the two types during microbial degradation. This is consistent with the finding in the 
Furmann et al. (2013b) study. 
To determine the bioavailability of coal compounds, aqueous solubility is commonly the first 
indicator to examine. Microbial digestion managed to eliminate an average 98% of soluble 
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organic carbons in bioassays as per DOC results in Table 3-5. This implies a positive 
correlation between degradability and compound hydrophilicity. The latter is a characteristic 
of small polar molecules such as VFA-As, which are well known for their high 
bioavailability (Liu et al., 2013, Robbins et al., 2016a). Also dissolved in water are larger 
compounds including n-alcohols, esters and aliphatic amines. These three groups presented 
the highest degradability in organic extracts (as shown in Fig. 3-12), further justifying the 
above relationship. High aqueous solubility of compounds could also ease the mass transfer 
constraints, accelerating the methanogenic process.  
Solvent extractability is the second factor to examine for coal bioavailability. Fig. 3-15 
depicts the relationship of compound elimination with total extractable matters based on peak 
intensities (area under peaks). A strong positive correlation was observed with a high linear 
regression R
2
 value of 0.875. This suggests that the bioavailability of coal is to a large degree 
related to solvent-extractable materials, thus, the bitumen fraction in contrast to the complex 
bound organic matrix. However, the precision of using extractability as a determining factor 
is limited due to the variance in compound distribution and variation in bioavailability of 
individual compounds.   
A more refined evaluation can be made on the grounds of structural characteristics of 
extractable materials, a third and advanced factor to assess coal bioavailability. Compounds 
that are highly degradable in this study are distinguished by functional moieties of aliphatic 
hydroxyl groups, ester bond, carbon-nitrogen bond in aliphatic amine and ether bond. The 
heteroatom could form an activation site with low bond dissociation energy, either within the 
hetero-linkage (e.g. ester bond) or on neighbouring C-C bonds (e.g. hydroxyl group), 
facilitating microbial cleavage (Oyeyemi et al., 2015, Oyeyemi et al., 2014a, Oyeyemi et al., 
2014b). Moreover, the presence of heteroatoms could also add polarity to compounds, 
enhancing the accessibility in aqueous solution. 
Hydrocarbon made of just carbon and hydrogen are in contrast, much less degraded in this 
study by the digested sludge. A longer adaptation time or introduction of other relevant 
microbial species would be necessary for them to be efficiently metabolised. On the other 
hand, these hydrocarbons would conceive a huge potential for additional methane production 
(Aitken et al., 2013, Foght, 2008, Furmann et al., 2013b, Gao et al., 2013, Harwood et al., 
1998, Holliger and Zehnder, 1996, So et al., 2003) should the microbial community be more 
robust and well-adapted.  
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Figure 3-15: Relationship between the intensity of extractable compounds and bioeliminated compounds. Values represent 
total peak intensities normalized with respect to that of the fresh PEN9-003 solvent extract. 
3.6 CONCLUSIONS 
1) This study has confirmed the basic bioavailability of the six Penrhyn 9 Walloon coals to 
environmental methanogenic consortia. The average methane yield obtained from 30 days 
incubation was 21 μmol/g (0.515 m3/tonne). The trend by which methane production 
varied with sample depth is generally consistent with that of gas content in the study area. 
All samples were subbituminous to high volatile bituminous rank with relatively high 
vitrinite contents and elevated liptinite and hydrogen contents. 
2) Extraction of coal with organic solvent recovered 3.8% - 12% of coal compounds based 
on weight. In general, aliphatic compounds were found to be more abundant than 
aromatics. Acyclic Alkanes that occurred at the highest concentration in all samples, are 
thought to originate from plant wax during coalification. Acyclic Alcohols and Acyclic 
Esters that are concentrated in PEN9-003 and PEN9-043 coals, are thought to reflect an 
input of bacterial biomass. Aromatic compounds were detected up to three-fused rings 
with an abundance of heterogeneous moieties.  
3) Content of solvent-extractable matter in coal is mainly affected by the following factors:  
a. Liptinite content. Suberinite, the dominant type of liptinite, is thought to 
contribute to the wax contents, whereas sporinite, liptodetrinite, as well as 
perhydrous vitrinite, contribute to the formation of cyclic and aromatic 
compounds.  
b. Vitrinite. Vitrinite macerals such as telinite and collotelinite are gelified and have 
well-preserved plant cell structures with microporosity that might be essential for 
storage of solvent-extractable hydrocarbons. 
c. Post-uplift microbial modification could exert a secondary effect on coal 
extractability. Preservation of extractable matter is thought to be compromised by 
microorganisms in meteoric recharge which can convert coal organics to biogas.     
Based on these findings, it was hypothesized that the content of extractable 
hydrocarbons in this study is dependent both on liptinite for generation and vitrinite 
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for storage, in the absence of vigorous microbial activity capable of converting 
hydrocarbons to biogas.  
4) On the grounds of organic chemistry, the basic bioavailability of coal to environmental 
cultures can be assessed by three factors hierarchically: 
a) Water solubility. VFA-As are the major compounds in water extracts of coal and can 
be responsible for a predominant proportion of methane being produced (40% to 
96%). Also dissolved, but to less extent, are n-alcohols, esters and aliphatic amine. 
Water-soluble matter collectively showed an average 98% of elimination in bioassay. 
b) Organic solvent extractability. Bioavailability of organic extract was found, to a large 
degree, to be proportional to solvent extraction yield. The average compound 
elimination in organic solvent extract is 34.5%.  
c) Aliphatic components with hydroxyl and amine group as well as ester and ether bonds. 
These functional groups are characteristics of extractable compounds that exhibited 
the highest bioavailability in bioassay. The heteroatom linkages create sites with low 
bond dissociation energy that are amenable to microbial cleavage. 
5) The proportion of biodegraded hydrocarbons being processed through methanogenic 
pathways is low. A large part of the carbon source may have been incorporated into 
biomass at an early stage to support cell growth and reproduction. This could also be a 
result of the unadapted microbial community in digested sludge, which might have 
processed the carbons through other pathways. On the other hand, the low conversion 
implies a promising potential for improvement on methane yield, given that a more robust 
and relevant community is present.  
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4 IMPROVING COAL BIOAVAILABILITY FOR BIOGENIC METHANE 
PRODUCTION VIA HYDROGEN PEROXIDE OXIDATION  
4.1 CONTRIBUTION TO THE THESIS  
This chapter is based on an experimental study aiming to address the research question 2 in 
Section 1.2. The study is a step further from that in Chapter 3, focusing on improvement of 
coal bioavailability via chemical pretreatment. The coal examined in this chapter was one of 
the six PEN9 Walloon coal samples (PEN9, described in Chapter 3) that demonstrated the 
highest solvent-extractable matter content (PEN9-003), and therefore the greatest potential 
for enhancement (i.e. solvent extractable matter is the major source of coal bioavailability, 
featuring a higher degree of saturation and heterogeneity and smaller molecular size). The 
study is one of the first comprehensive works that characterise the compositional change of 
coal solvent-extractable matter upon H2O2 oxidation, and its consequence on bioavailability 
and methane yield. The effect of coal rank on chemical reactivity and bioavailability of coal 
was also discussed. The pretreatment may be applied in an ex-situ process, using coal 
beneficiation waste as a feed to bioreactors.    
4.2 INTRODUCTION 
As a most common type of fuel, coal is an important resource in meeting our demand for 
energy, contributing to about 70% of total electricity generation in Australia and 40% 
worldwide (Saunders, 2015). However, direct combustion of thermal coals may cause 
environmental issues due to emission of toxic gases such as sulphur dioxide and nitrogen 
oxides, heavy metals such as mercury, and particulates. A possible strategy of mitigation is to 
transform coal to a cleaner form of fuel as a way of balancing the energy need and 
environmental stress. Natural gas (mainly methane) from coal seams is such a type of coal 
derivative that offers high calorific value and is clean upon burning as it releases only water 
and carbon dioxide, with lower emission of the latter than for equivalent energy from burning 
coal and petroleum. Microbially-enhanced production of secondary natural gas (mainly 
methane) from coal has gathered tremendous interest in the past decades, and has been shown 
to be a primary source of coalbed methane from Walloon coals in the Surat Basin, 
Queensland (Draper and Boreham, 2006, Hamilton et al., 2014). Numerous studies have 
proved the feasibility of the process through laboratory enhancement, such as nutrient 
stimulation, and microbial augmentation (through addition of inocula) on crushed coals with 
higher physical accessibility (Colosimo et al., 2016, Fallgren et al., 2013 a, Fallgren et al., 
2013 b, Green et al., 2008, Harris et al., 2008, Jones et al., 2013, Jones et al., 2010, Jones et 
al., 2008, Papendick et al., 2011, Park and Liang, 2016, Ritter et al., 2015, Robbins et al., 
2016a, Susilawati et al., 2013, and Chapter 3). However, the majority of methane yields 
reported in the research area are low, ranging from less than 5 μmol/g (Fallgren et al., 2013 a, 
Formolo et al., 2008, Jones et al., 2008) up to about 140 μmol/g (equivalent to 3.43 m3/tonne, 
Green et al., 2008). In most experiments, methane production plateaued within 1 year with a 
final conversion (of coal to methane) below 1%. This elicits the needs for a potential 
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pretreatment method that could effectively increase coal bioavailability to make the process 
more commercially viable. 
A typical strategy is to use chemicals that react with coal, breaking down cross-linked 
structures, converting large molecules to smaller fragments, and modifying functional groups 
in a way that increases bioavailability. Oxidizing agents such as nitric acid, potassium 
permanganate, chromic acid, and hydrogen peroxide have been commonly used for this 
purpose (Hayatsu et al., 1981, Huang et al., 2013b, Huang et al., 2013c, Jones et al., 2013) 
They are capable of introducing heteroatoms to coal hydrocarbons, forming activation sites 
that lower the bond dissociation energy of neighbouring chemical bonds, thereby facilitating 
microbial cleavage (Oyeyemi et al., 2015, Oyeyemi et al., 2014a, Oyeyemi et al., 2014b). 
Low rank coals treated with H2O2 show increased content of water-soluble matter, 
particularly low-molecular-weight fatty acids and alcohols (Mae et al., 2001, Miura et al., 
1996, Pietrzak and Wachowska, 2003, Yu et al., 2014). Similar compounds have also been 
reported in potassium permanganate oxidized lignites, such as C4 – C18 branched and 
unbranched carboxylic acids, dicarboxylic acids, and tricarboxylic acids (Hayatsu et al. 1981), 
which have demonstrated high bioavailability to methanogenic consortia (Jones et al., 2013, 
Jones et al., 2010, Orem et al., 2010, and Chapter 3). The benefit of chemical oxidation on 
coal bioavailability has also been directly evidenced by Huang et al. (2013 b), Huang et al. 
(2013 c), and Jones et al. (2013), who observed significant increase in biogas production after 
oxidation.  
A common challenge with chemical pretreatment is, however, the need to condition the 
pretreatment product in order to make it amenable to anaerobes. This includes removal of 
residual oxidants, adjustment of pH and salinity, and detoxification of foreign ions such as 
Mn
2+
 if potassium permanganate is used (Altug and Balkis, 2009, Cheung et al., 1982, Gadd 
and Griffiths, 1977), resulting in extra cost and complexity in terms of application. On these 
grounds, hydrogen peroxide is deemed to be a more suitable reagent since it has mild effect 
on pH and salinity without introducing foreign chemical species (except for the hydroxyl free 
radical, which is reacted away). Reaction with hydrogen peroxide takes place in two steps, 
starting with formation of hydroxyl free radicals in a UV-catalysed chain reaction, followed 
by interaction between the radicals and coal moieties. The reduction potential (E
0
) of the 
hydroxyl free radical is 2.02 V, higher than that of permanganate 1.507 V (when converted to 
Mn
2+
) and nitrate 0.957 V (when converted to NO) (Haynes, 2017), suggesting a strong 
capacity of the oxidant.  
Application of chemical pretreatment is, however, only feasible for an ex-situ process as 
injection of oxidants underground may contaminate local aquifers, and pose safety hazards 
when oxidants interact with combustible gases in coal seams. It is also hard to implement a 
stable supply of UV light deep underground if H2O2 is used. For an ex-situ process, coal 
beneficiation waste or surface coal may be used as a source of substrate having low or zero 
mining cost. Zheng et al., (2017) reported a comparable level of biomethane production from 
a Jameson Cell reject with that of raw coals, confirming the biomethane potential of coal 
wastes.    
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Although earlier studies have demonstrated the feasibility of improving coal bioavailability 
by H2O2 oxidation (Huang et al. 2013b, Jones et al., 2013), knowledge on how the treatment 
alters coal composition, especially within the hydrophobic fraction, and how the oxidation 
products contribute to bioavailability is still preliminary and lacking. This study aims to 
provide a more comprehensive picture of coal compounds formed after hydrogen peroxide 
oxidation and their biodegradability when being used as substrates for methanogenesis. The 
study has the following objectives: 1) investigate the effect of peroxide oxidation on 
biomethane yield; 2) characterize the change in composition of coal solvent-extractable 
matter upon oxidation; 3) characterize the bioavailability of oxidation products; and 4) 
investigate the effect of coal rank on the amenability of coal to H2O2 oxidation and 
biodegradation.  
4.3 METHOD 
4.3.1 Sample Information 
Two coal samples of different ranks were investigated in this study. The subbituminous 
Walloon coal: PEN9-003 (one of the six samples in Chapter 3) was a coal core sample 
collected from the Juandah Coal Measure in the central-north Surat Basin, Queensland, a spot 
with active microbial production of coalbed methane (Draper and Boreham, 2006, Hamilton 
et al., 2012, Hamilton et al., 2014). Studies in Chapter 3 have found the coal has a vitrinite 
reflectance Rr% = 0.45, and is rich in liptinite (32.7 % by volume on as-received basis, a.r.) 
and perhydrous vitrinite (48.8 % vol. a.r.), a characteristic of high bioavailability (Chapter 3). 
The remainder of the coal is composed of 16.2 % vol. (a.r.) mineral matter and 2.4% vol. (a.r.) 
inertinite. The higher rank bituminous coal was taken from the Carborough Downs 
underground mine (abbreviated as C.D.), Rangal Coal Measures, Bowen Basin, Queensland. 
The sample is richer in vitrinite (55.2 % vol. a.r.) and inertinite (39.6 % vol. a.r.) but has a 
low liptinite content (4 % vol. a.r.) and little mineral matter (1.2% vol. a.r.). The vitrinite 
reflectance of the C.D. coal is Rr% = 1.13%. After being transported to the laboratory, the 
coals were crushed anoxically in an anaerobic chamber into fine grains. Experiments in this 
study were carried out on the size portion that passed through the 300 μm sieve.  
To prepare samples for coal characterization, the coal powder was passed through a metal 
splitter that evenly divides the material into two subsets of homogeneous composition. The 
same process was repeated on one subset (randomly chosen) from each generation until 
roughly 20 g of sample was achieved. The samples were then sealed in a bag and sent to the 
ALS Laboratory, Brisbane, Australia for proximate and ultimate analysis (Table 4-2), 
following Australian Standards AS 1038.3 (for proximate composition, Standards Australia, 
2000), AS 1038.6.4 (for carbon, hydrogen and nitrogen, Standards Australia, 2005) and AS 
1038.6.3.3 (for total sulphur, Standards Australia, 1997).       
4.3.2 Coal Oxidation 
Hydrogen peroxide has been chosen as the pretreatment reagent for the reasons that 1) it is a 
potent oxidant and can form free radicals in the presence of UV light; 2) it does not introduce 
foreign ions that might be inhibitory to microorganisms; and 3) it has minor effect on the 
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salinity and pH of the culture solution. The standard concentration of H2O2 used was 
calculated assuming complete conversion from coal to acetate (detailed in Table 4-1). To do 
so, the formula of the organic part of coal was firstly approximated using the elemental 
composition shown in Table 4-2. This gives a formula for PEN9-003: 
CH0.973O0.139N0.013S0.00213, and that for C.D.: CH0.664O0.0552N0.0153S0.0019. Since the contribution 
of N and S is relatively insignificant compared to the rest, the formula can be further 
simplified to:  
1) PEN9-003: CH0.973O0.139 
2) C.D.: CH0.664O0.0552 
A chemical equation can then be written for the two samples, respectively: 
1) PEN: CH0.973O0.139 + 0.3475 H2O2 + 0.166 H2O → 0.5 CH3COOH                              
2) C.D.: CH0.664O0.0552 + 0.2768 H2O2 + 0.3912 H2O → 0.5 CH3COOH        
For conversion of 1 g coal to acetate, the amount (mol) of hydrogen peroxide required is: 
𝑛𝐻2𝑂2 =  
(1−𝑎𝑠ℎ%)(𝑔)
𝑀𝑊𝑐𝑜𝑎𝑙 (𝑔/𝑚𝑜𝑙)
×
𝑆𝑡𝑜𝑖𝑐ℎ𝑒𝑚𝑖𝑡𝑟𝑦𝐻2𝑂2 
𝑆𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑦𝑐𝑜𝑎𝑙 
 , where n stands for molar mass and MW stands 
for molecular weight.  
Oxidation experiments were conducted with three dosages of H2O2: 50%, 100%, and 200% 
of the above calculated theoretical standard across 4 treatment periods: 1 day, 4 days, 7 days, 
and 30 days. To set up, 2 grams of PEN9-003 coal powder (< 300 μm) was soaked in a 37mL 
serum bottle containing 10 % hydrogen peroxide solution (prepared from 30% stock, 
perhydrol○R , EMSURE○R  ISO grade) of corresponding dosages given in Table 4-1 (note 
dosage was calculated with respect to coal, not the solution). All samples were set up in 
triplicate and pre-autoclaved at 120 ˚C for 20 min (with only coal and water) before the H2O2 
solution was added. The bottles were sealed with butyl rubber stoppers, which were 
penetrated by a needle to avoid overpressure as oxygen is released upon reacting the hydroxyl 
radical with water. The mini reactors were placed under a mercury vapour lamp (HPL high 
pressure mercury vapour standard 50 watts, Philips) that provides a constant source of UV. 
After the designated period of treatment, the slurries were centrifuged at 3750 rpm for 10 
mins. Liquid samples were collected and diluted with Milli-Q water to 10 mL (to make 
volumes of liquid samples consistent for all groups), while solids were dried in an oven at 37 
˚C for 48 hours. Triplicates of no-oxidant control with only coals and Milli-Q water were also 
included to highlight the net effect of oxidation. The controls were autoclaved under the same 
condition
 
and placed overnight at room temperature to allow mass transfer before being 
prepared for water chemistry analysis (Section 4.3.4) and bioassays (Section 4.3.3). Table 4-1 
summarizes the dosage of H2O2 in pretreatment assays added with different concentrations of 
H2O2.  
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Table 4-1: Dosage of H2O2 solution for coal pretreatment. 
H2O2 dosage (with reference to 
the calculated standard) 
Dose of H2O2 (mmol/g 
coal) 
Conc. of H2O2 in the mini 
reactor (wt% solution) 
PEN9-003 C.D. PEN9-003 C.D. 
50% 9.90 8.80 10 10 
100% 19.8 17.6 10 10 
200% 39.6 35.2 10 10 
4.3.3 Bioassay Setup 
Coal bioassay was conducted on the solid and liquid phases of the pretreatment reactors 
separately in order to study the relative contribution of the two phases to bioavailability after 
oxidation. Bioassays were set up anoxically in an anaerobic chamber inflated with nitrogen. 
Adapted Tanner media (Tanner, 2007) was used as a source of non-carbon nutrients 
(containing minerals, trace metals, vitamins, NaHCO3 buffer, and Na2S·9H2O as anti-oxidant) 
and anaerobic digester sludge from domestic wastewater treatment plants (sourced from 
Luggage Point Wastewater Treatment Plant, Brisbane, Australia, provided by the Advanced 
Water Management Centre, within the University of Queensland) was used as the inocula 
after a period of pre-incubation to exhaust the native carbon. The reason for using digester 
sludge is that it accommodates a robust microbial community with a large variety of species. 
Each bioassay was fed with either 0.25 g of pretreated coal powder (size range < 300 μm) or 
1mL of pretreated liquid in a 37 mL serum bottle together with 9 mL (8 mL for the liquid 
feed) growth media and 1 mL inocula. Parallel bioassays were set up in the same way for the 
‘no oxidant’ control. The bottle was sealed with a butyl rubber stopper and crimped with an 
aluminium cap to keep it gas-tight. The headspace was vacuumed and refilled with nitrogen 
to a slight over pressure to prevent intrusion of air. Bioassays were established in 
quadruplicate for each coal sample along with quadruplicate negative controls with no carbon 
substrates, and triplicate desorption controls with only media and coal. The presence of 
control cultures allows determination of net microbial production of methane from bioassays.  
4.3.4 Water Chemistry Analysis 
Volatile short-chain fatty acids and alcohols (referred to VFA-As hereafter) are readily 
degradable compounds that can be produced from oxidation of coal hydrocarbons. To 
quantify VFA-As in the pretreated coals, 0.4 mL of filtered water samples (filtered with 
Millex GP, 0.22 µm micro-filter) was mixed in a glass vial with 0.32 mL Milli-Q water and 
0.08 mL 10% formic acid solution containing an analytical standard of C2 to C6 compounds, 
including acetic acid, propionic acid, iso-butyric acid, butyric acid, iso-valeric acid, valeric 
acid, hexanoic acid ethanol, 1-propanol and 1-butanol. The original concentration was diluted 
by two times to keep it below the upper calibration limit (500 ppm). The mixture was 
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analyzed using an Agilent 7890A GC with a flame ionization detector (FID), carried out by 
the analytical lab of the Advanced Water Management Centre (within the University of 
Queensland). For measurement of total soluble organic carbon (DOC), 1 mL of the same 
samples was mixed with 7 mL of Milli-Q water in a glass tube sealed with parafilm. The 
mixture was sent to the same lab for analysis.  
The water samples tested in this study are of two types: liquid phase from H2O2 pretreatment, 
and water eluents of the H2O2 pretreated dried coal powder. The latter one aims to quantify 
the residual water soluble compounds and their contribution to the bioavailability in the 
oxidized coal powder. A blank with Milli-Q water was analyzed in parallel to set up the 
background level. Generation of the liquid samples is illustrated in Fig. 4-1. Water samples of 
bioassay residues were also sent for VFA-As and DOC analysis. This enables 
characterization of the biodegradation extent within the water-soluble compounds.  
 
 
Figure 4-1: Schematic diagram for production of water samples from pretreatment assays for VFA and DOC analysis. 
4.3.5 Coal Extraction 
Solvent extraction of coal was carried out in a Tecator Soxtec system HT2 1045, a method 
adapted from Soxhlet with improved efficiency (Membrado Giner et al., 1996). Extraction 
used a mixture of AR grade dichloromethane and HPLC grade of methanol (2:1 by volume) 
in order to efficiently recover both polar and non-polar compounds. For each round, 1g of 
coal powder was extracted with 30 mL of mixed solvent in a two-stage process composed of 
1 hour boiling and 1 hour rinsing (see Chapter 3 for details). The resulting extract was dried 
under a general stream of N2 and re-dissolved in 5 mL of the same solvent for GC-MS 
analysis. For characterizing the effect of oxidation on composition and bioavailability of 
extractable matter, extracts of no-oxidant control (fraction C, Fig. 4-1), oxidized coal 
(fraction A, Fig. 4-1), and microbially digested residue were analysed and compared. The wet 
coal samples (pretreatment assays and bioassays) were prepared by centrifuging at 3750 rpm 
for 10 minutes, followed by drying of the bottom pellet at 37 ˚C for 48 hours prior to 
extraction.  
Centrifuge 
Soak 
Centrifuge 
B 
Milli-Q 
water  
Raw coal 
H2O2 
solution 
Oxidation 
A 
Milli-Q 
water 
Soak 
D 
E 
VFA-As, 
TOC 
analysis 
Drying 
Pretreated 
Pretreated 
liquid 
C 
Negative 
control 
No-oxidant 
control 
Solid 
Water eluents 
of pretreated 
solid 
134 
 
134 
 
4.3.6 GC-MS Analysis of Solvent Extract 
Identification of compounds in organic solvent extracts was carried out in a Shimadzu GC-
MS-QP2010 equipped with a CTC PAL autosampler and a Restex Rxi-5MS 30m × 0.25 
mmID × 1.0 μm d.f. (film thickness) column. For each analysis, 1 μL of sample was injected 
in splitless mode at an injector temperature of 250 °C, and was transported by 1.34 mL/min 
flow of helium gas through the column. The column temperature was programmed as 1) 
initially at 80 °C, hold for 4.7 minutes; and 2) increase to 300 °C at 8 °C/min and hold for 15 
min. Mass scan started after 4.5 min of solvent delay and was run in full scan mode over m/z 
(mass/charge) range of 35 to 800 D. The ion source was operated at 200 ˚C with an interface 
temperature of 250 ˚C.   
All data were recorded and processed through LabSolutions GCMSsolution Version 4.20 
(Shimadzu Corporation). Compound identification combined an initial automatic similarity 
match against the internal mass spectral databases, and a further manual verification of each 
peak and comparison against the NIST MS Search 2.0 database. For the significance of 
results, only compounds with match quality greater than 60% were reported. Diagnostic 
fragments were also employed to assist the interpretation of n-alkanes (m/z = 57, 85) 
(Brassell et al., 1980), acyclic isoprenoids (m/z = 57, 183) (Petrov et al., 1990), and PAHs 
(individual M
+•
) (Brassell et al., 1980). To reliably report waxy compounds with similar 
fragmentation patterns in MS, a commercial standard of n-alkanes of C10 to C30 was used to 
set up a retention time index for this group of compounds. Solvent blanks were run in parallel 
to account for impurities in the background. Phthalates (m/z = 149), a common plasticiser 
contaminant, were found in all samples, and were disregarded in data analysis.    
Concentrations of identified compounds were approximated by areas under peaks (intensity 
units, on absolute scale). Error of measurement was found to be generally within 10% by 
analysing a single sample (solvent extract of the raw PEN9-003 coal) three times.  
4.3.7 Methane Measurement        
Methane concentration in the headspace of bioassays was measured by a Varian 3900 gas 
chromatograph equipped with an FID detector and an RT-Q-BOND column. The set 
temperatures for the injector, column and detector were 105 °C, 50 °C and 200 °C, 
respectively. A constant flow of 4mL/min helium gas was used as a carrier, facilitating the 
flow of sample to the detector.   
For each injection, a 100 μL gas sample was drawn from the headspace of the microcosm, 
using an aseptic 100 μL syringe equipped with stainless steel needle and a shut-off valve. The 
sample was then injected into the GC with a split ratio of 5. Calibration was performed using 
1% and 15% (by volume) methane standard gas (balanced with CO2) before and after each 
set of measurements to ensure accuracy of results. Methane concentration was monitored 
roughly twice a week to keep track of production.  
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4.4 RESULTS                 
4.4.1 Proximate and Elemental Composition of Coals 
The proximate and elemental compositions of the two samples are shown in Table 4-2. The 
subbituminous PEN9-003 coal is marked by an elevated content of volatile matter (42.2 wt% 
a.d.), rich elemental hydrogen (6.3 wt%, d.a.f.), and a reasonably high hydrogen to carbon 
molar ratio of 0.973. This suggests the coal is intermediate in the degree of polymerization 
and is rich in aliphatic moieties. The result is consistent with that previously reported for coal 
of the same source (Chapter 3). Due to a higher rank, the bituminous C.D. coal shows a 
significantly richer fixed carbon content (64.6 wt% a.d.) in place of the volatile matter. 
Ultimate analysis revealed a considerably lower hydrogen to carbon ratio (0.664 by molar) 
and elemental oxygen (less than half of PEN9-003), indicating a likely more condensed coal 
structure.  
Table 4-2: Proximate and elemental composition of PEN9-003 and C.D. coals. a.d. = air-dried basis, d.a.f. = dry ash-free 
basis. 
Proximate composition (a.d.) wt % PEN9-003 C.D. 
Moisture  7.40 1.60 
Ash 13.6 13.9 
Volatile matter 42.1 19.9 
Fixed carbon 36.9 64.6 
Elemental composition (d.a.f.) 
wt% 
  
Carbon 77.7 86.9 
Hydrogen 6.30 4.81 
Nitrogen 1.18 1.56 
Sulphur 0.440 0.290 
Oxygen 14.4 6.39 
4.4.2 Bioassay Results 
Oxidation of PEN9-003 coal with H2O2 solution has increased methane production from both 
solid (fraction A, Fig. 4-1) and liquid (fraction B, Fig. 4-1) phases of the pretreatment 
136 
 
136 
 
reactors (Fig. 4-2). The highest methane yield (combining liquid and solid) is found to be 234 
μmol/g, which is about 10 times that of the control. Bioavailability of the aqueous phase 
(fraction B, Fig. 4-1) showed a greater response than the solid (fraction A, Fig. 4-1) upon 
oxidation. Methane yield from the pretreated liquid increased by a maximum 13.1 times with 
reference to the control (Fig. 4-2). This is higher than the solid part of pretreatment product 
which demonstrated a maximum 6.72 fold increase in biomethane. Contribution of the 
aqueous phase to overall methane production exhibits a degree of dominance in the group 
with low H2O2 dosage (50%), and is lessened in those of higher H2O2 dosage. The dosage of 
hydrogen peroxide in general, has a more significant effect on coal bioavailability than 
treatment length. Methane yield is found to increase with strength of peroxide, whereas only 
the group with high H2O2 dosage (200%) shows continuous benefit of pretreatment length on 
methane production.  
The relationships can be further depicted by a two-way ANOVA (shown in Table 4-3) that 
gives smaller P values for H2O2 dosage level (5.56×10
-11
 for CH4 from solid, 1.01×10
-9
 for 
liquid) than treatment length (0.0098 for solid, 2.6×10
-7
 for liquid). The fact that all 
probabilities are smaller than 0.05 and that F values are larger than the Fcritical suggests that 
both factors are significant. The analysis also revealed a degree of interaction between the 
two factors with that in the liquid phase being more prominent (Table 4-3). This suggests the 
H2O2 dosage level and treatment length are mutually-promotive in solubilizing coal that leads 
to increased bioavailability. In comparison, bioassays on the higher rank C.D. coal (both 
control and oxidized) produced only minimal methane, the yield of which decreases slightly 
with concentration of oxidant and treatment length (Fig. 4-3). This implies the coal has 
inherently low bioavailability, and is rather resistant to oxidation under relatively mild 
conditions.   
 
Figure 4-2: Change of net methane yield with pretreatment length from bioassays on H2O2 oxidized PEN9-003 coals. Solid 
and liquid solution from pretreatment were separated by centrifuge and tested individually in bioassays. A) Samples treated 
with 50% calculated standard H2O2 dosage; (B) Samples treated with 100% calculated standard H2O2 dosage; C) Samples 
treated with 200% calculated standard H2O2 dosage. Error bars show one standard deviation from the mean of triplicates. 
The column with treatment length of zero represents the no-oxidant control (fraction c Fig. 4-1), the  details of which are 
described in Section 4.3.2. 
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Figure 4-3: Change of net methane yield with pretreatment length from bioassays on H2O2 oxidized C.D. coals. Solid and 
liquid solution from pretreatment were separated by centrifuge and tested individually in bioassays. A) Samples treated with 
50% calculated standard H2O2 dosage; (B) Samples treated with 100% calculated standard H2O2 dosage; C) Samples 
treated with 2000% calculated standard H2O2 dosage. Error bars show one standard deviation from the mean of triplicates. 
The column with treatment length of zero represents the no-oxidant control (fraction c, Fig. 4-1), the details of which are 
described in Section 4.3.2. 
Table 4-3: Two-way ANOVA table for the effect of hydrogen peroxide dosage levels and treatment length on methane yields 
from pretreated PEN9-003 coal solid, liquid and the combined. 
Source of variance P-value F-value Fcritical 
Solid Liquid Total Solid Liquid Total 
H2O2 dosage 5.56×10
-11 
1.01×10
-9 
5.75×10
-13 
73.9 55.4 114 3.40 
Treatment length 9.8×10
-3 
2.6×10
-7 
5.7×10
-5 
4.74 23.4 11.9 3.01 
Interaction 0.0279 7.03×10
-6 
3.05×10
-5 
2.92 10.9 9.12 2.51 
 
4.4.3 Water Chemistry Analysis                     
Volatile fatty acids and alcohols (VFA-As) detected in the water-soluble phase of pretreated 
PEN9-003 coal are predominantly acetic acid, with traces of other C3 to C6 branched and 
unbranched homologs. Concentration of acetate increases exponentially with strength of 
hydrogen peroxide, but much more slowly with treatment length after day 4 (shown in Fig. 4-
4), a trend similar to that of the methane yield (in section 4.4.2). The highest acetate 
concentration is 4.86 mg/g (combining pretreated liquid sample and water eluents of solid) 
achieved in the group treated with a 200% standard dosage of H2O2 for a period of 30 days. 
This is 22 times that of the control (0.218 mg/g). Among the other VFA-As detected, 
propionic acid occurs at a relatively high concentration (maximum 0.12 mg/g achieved in 
sample treated with 200% standard dosage of H2O2 for 4 days), which is about 5 times that of 
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0 1 4 7 30
M
et
h
an
e 
yi
el
d
 f
ro
m
 C
.D
. (
μ
m
o
l/
g)
 
Treatment length (Day) 
Liquid
Solid
50% std. H2O2 conc. 
(A) 
0 1 4 7 30
Treatment length (Day) 
100% std. H2O2 conc. 
(B) 
0 1 4 7 30
Treatment length (Day) 
200% std. H2O2 conc. 
(C) 
138 
 
138 
 
valeric acid, and 10 times that of the remaining species (butyric acid, iso-butyric acid, iso-
valeric acid and hexanoic acid). Concentration of these compounds generally increases with 
the strength of oxidant and peaks at treatment length of 4 days, after which a slight decrease 
is observed. The amount of valeric acid was reduced by the largest extent, with concentration 
at day 7 being a quarter of that at day 4, suggesting further oxidation of the compound. 
Ethanol was only detected in the no-oxidant control to the concentration of 0.191 mg/g coal. 
VFA-As have been reported to be readily convertible to methane in bioassays (Robbins et al., 
2016a, Zheng et al., 2016, and Chapter 3) due to their highly bioavailable nature. To account 
for the maximum possible contribution of VFA-As to the observed methane yield, VFA-As-
equivalent methane was calculated assuming complete conversion by the following reactions: 
Acetic acid: CH3COOH → CH4 + CO2                                                                          
Propionic acid: CH3CH2COOH + 1/2H2O → 7/4CH4 + 5/4CO2                                   
Butyric acid / iso-butyric acid: CH3(CH2)2COOH + H2O → 5/2CH4 + 3/2CO2            
Valeric acid / iso-valeric acid: CH3(CH2)3COOH + 3/2H2O → 13/4CH4 + 7/4CO2   
Hexanoic acid: CH3(CH2)4COOH + 2H2O → 4CH4 + 2CO2                                         
Ethanol: CH3CH2OH + 3/4H2O → 9/8CH4 + 7/8CO2                                                    
Figure 4-4 compares the actual methane observed with VFA-As-equivalent methane, and 
found that VFA-As are in general responsible for less than 50% of the methane being 
produced. This indicates the presence of a significant amount of other bioavailable 
hydrocarbons in coal. Bioavailability of pretreated liquid product is more dependent on VFA-
As than that of solid. Contribution of VFA-As to methane yield generally increases with 
H2O2 dosage level, but increases and decreases with treatment length, inflecting around day 7. 
This suggests a longer treatment favours net formation of non-VFA-As bioavailable 
compounds. Concentration of VFA-As in the bioassay residues were below detection limit in 
all groups, indicating complete conversion by microorganisms. 
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Figure 4-4: Change of acetate concentration with treatment length in H2O2 oxidized PEN9-003 coal (pretreated liquid and 
water eluents of pretreated solid). Also demonstrated are the VFA-As-equivalent methane yield (calculated by assuming 100% 
conversion of VFA-As to methane), and observed methane yield that combines the yield from solid and liquid solution. A) 
Samples pretreated with 50% of the calculated standard dosage of H2O2; B) Samples pretreated with 100% of the calculated 
standard dosage of H2O2; C) Samples pretreated with 200% of the calculated standard dosage of H2O2. 
The overall enhancement in aqueous solubility of coal can be evaluated by measuring the 
total soluble organic carbon (DOC) contents in pretreated liquid and water eluents of 
pretreated solid (shown in Fig. 4-5). Concentration of DOC appears to increase exponentially 
with strength of hydrogen peroxide, maximizing at 26.2 mg/g (achieved at day 30 in the 
sample treated with 200% standard dosage of H2O2). DOC content is found to surge at day 4 
in all of the three H2O2 dosage groups, followed by a slow increase towards day 30 (except 
the 100% standard dosage group, which DOC decreases slightly at day 30, Fig. 4-5). This 
indicates reasonably fast kinetics in formation of aqueous oxidation products after an initial 
short period of lag phase. When converting VFA-As to the equivalent organic carbon, only a 
small percentage (average 13 ± 5 %) of DOC are derived from VFA-As. This proves the 
dominance of non-VFA compounds in the aqueous phase, a finding consistent with Fig. 4-4. 
Furthermore, the proportion of VFA-As in soluble organic carbon decreases with an increase 
in the concentration of H2O2 and pretreatment length (Fig. 4-5). This seems to suggest a 
tendency of strong and sustained peroxide exposure towards formation of non-VFA-As 
compounds, which continued at later stage of oxidation even when production of VFA-As 
reached equilibrium. Content of dissolved DOC in bioassay residues turned out to be 
essentially zero (indiscernible to the bioassay negative control), indicating complete 
consumption by the microorganisms. However, the fact that non-VFA compounds have a 
higher proportion in soluble DOC (Fig. 4-5) than their contribution to methane yield (Fig. 4-4) 
implies that not all water-soluble carbon degraded has been converted to methane.   
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Figure 4-5: Change of total soluble organic matter (DOC) with treatment length in H2O2 oxidized PEN9-003 coal 
(pretreated liquid and water eluents of pretreated solid). Also shown is the DOC contributed by acetate in pretreated liquid 
and water eluents of solid combined. A) Samples pretreated with 50% of the calculated standard dosage of H2O2; B) 
Samples pretreated with 100% of the calculated standard dosage of H2O2; C) Samples pretreated with 200% of the 
calculated standard dosage of H2O2. 
No significant change in VFA-As and DOC contents has been observed with the higher rank 
C.D. coal upon H2O2 treatment. The DOC readings are consistently low, and are << 0.01 
mg/g in all measurements. Concentrations of DOC in the liquid phase of the no-oxidant 
control is 0.000896 mg/g, which is compatible to that in the final oxidized sample (200% 
standard dosage, 30 days): 0.00141 mg/g. Concentration of acetic acid in the two liquid 
samples above are 0.0004 and 0.000016 mg/g respectively. Neither DOC nor VFA-As was 
detectable in water eluents of the solid phase of pretreated C.D. coal.  
4.4.4 GC-MS Identification of Solvent-Extractable Matter  
4.4.4.1 Organic Compound Distribution in Solvent Extractable Matter 
Distribution of compounds in organic solvent extracts of PEN9-003 and C.D. coal (no-
oxidant controls, Fig. 4-1, fraction C), as well as notes to compound group classification are 
shown in Fig. 4-6 and its caption. An example GC-MS total ion current (TIC) chromatograph 
of the PEN9-003 no-oxidant control is given in Fig. 4-7. PEN9-003 coal is generally 
dominated by aliphatic compounds that account for 63% of total peak intensity (Fig. 4-6A). 
Polycyclic aliphatic hydrocarbons are composed of mainly six-membered rings with alkyl 
side chains, and are dominated by 2, 3 and 4 fused units, which are collectively responsible 
for 87% of peak intensity within the group. 27% of compounds in this class contains 
heterogeneous functional moieties, including carbonyl, hydroxyl, and amino groups. 18-
Norbietane and 2,4a,8,8-tetramethyldecahydrocyclopropa[d]naphthalene are the two 
abundant compounds identified within the group. Acyclic alkanes in PEN9-003 are 
predominantly n-alkanes ranging from C13 to C30 and are rich in longer chain homologs, 
particularly C25 to C29. This is consistent with the profile reported in Chapter 3 for the same 
coal. Acyclic esters contain 12 to 28 carbon atoms and are dominated by molecules that have 
carboxylic acid as the carbon backbone, and are esterified with methanol and ethanol. 
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Hexacosanoic acid methyl ester, hexadecanoic acid methyl ester, and ethyl oleate are the 
most abundant compounds of this kind. Acyclic alcohols, ranging from C8 to C26, are 
primarily n-alcohols rich in C15, C17, C19 and C21 homologs, which account for 62.7% of peak 
intensity within the group. Also found is 1-(2-butoxyethoxy)-ethanol, a short-chain primary 
alcohol with two ether bonds, accounting for 6.4% of the group peak intensity. Among the 
remaining aliphatic compounds, N,N-dimethyl-1-dodecanamine, 2-hexadecanone, and  2-
methyl-1-(1,1-dimethylethyl)-propanoic acid  are individuals that occur at significant 
concentrations, which  are 1.24%, 1.17% and 0.5% of the summed intensity of all compounds 
respectively. The concentration of the rest is trivial. Aromatic compounds in PEN9-003 are 
composed of groups Monocyclic Aromatic Hydrocarbons, Polycyclic Aromatic 
Hydrocarbons, Cyclic Aliphatic Hydrocarbons Fused to Benzene Rings, and Heterocyclic 
Aromatics that account for 12.5%, 9.1%, 8% and 7.3% of total peak intensity, respectively 
(Fig. 4-6). Within the group Monocyclic Aromatic Hydrocarbons, 41.9% of intensity is from 
alkyl benzene while the remaining is contributed by molecules containing heteroatoms on 
side chains.  
Common functional groups include carbonyls that form both aldehydes and ketones, ether 
bond on aliphatic side chain, phenolic hydroxyl group, nitro group, and phenolic ester bond. 
4,4’-Diacetyldiphenylmethane is the most significant compound of this kind, accounting for 
51.6% of peak intensity within the group. Polycyclic aromatic hydrocarbons contain 2 to 3 
fused rings with mostly alkyl side chains. Two-ring members are found to be dominant and 
responsible for 69.4% of total intensity with the group. 7-Butyl-1-hexyl-naphthalene is the 
most abundant member of the group. The group Cyclic Aliphatic Hydrocarbon Fused to 
Benzene Ring is made of a single aromatic core fused to 1 to 2 five- or six-membered 
aliphatic rings. 36.9% of peak intensity in this group come from compounds with 
heterogeneous functional moieties, which include phenolic hydroxyl groups, carbonyl groups 
(ketone), and amino groups. 4b,8-Dimethyl-2-isopropylphenanthrene,4b,5,6,7,8,8a,9,10-
octahydro-, dehydroabietylamine, and 7-acetyl-6-ethyl-1,1,4,4-tetramethyltetralin are the 
most common compounds in this group. Heterocyclic compounds occur in the form of five- 
or six-membered aliphatic rings or aromatic ring with one carbon atom being substituted by 
oxygen or nitrogen atom. All heterocyclic structures identified are connected to aromatic 
units and cyclic aliphatic moieties with alkyl side chains or carbonyl groups. Dibenzofuran, 
1,2,3,4,7,9-hexamethyl-3H-pyrrolo[3,2-f]quinoline, 3,4-diphenyl-pyridine, and 3-methyl-2-
octyl-1H-quinolin-4-one are the most abundant members. It is noteworthy that the 
composition of PEN9-003 coal, particularly the aliphatic alcohol contents, shows notable 
difference to that reported in Chapter 3 for the same coal. The variance may be attributed to 
the use of coal from different size fractions (< 300 μm in this study as opposed to 300 -500 
μm in Chapter 3) that is likely to have shifted maceral composition to a certain extent.  The 
use of mixed solvent of 1 part methanol and 2 parts DCM (by volume) in this study could 
have also produced extracts somewhat different to those obtained by using a single solvent in 
serial extractions (Chapter 3). The decreased methanol proportion in the solvent reduced the 
chance of hydrogen bonding of methanol with the hydroxyl groups in aliphatic alcohols. This 
might have compromised the recovery of the alcohols from coal.     
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In comparison, extract of the higher rank C.D. coal (no-oxidant control, Fig. 4-1, fraction C) 
generated much less peak intensity, which is only 14.1% that of PEN9-003 (example TIC 
diagram shown in Fig. 4-8). Acyclic Alkanes appeared to be the dominant group of 
compounds, accounting for over half of the total peak intensity. This is 2.4 times the 
proportion of acyclic alkanes in the PEN9-003. Individual compounds detected are 
predominantly n-alkanes ranging from C14 to C30 and are rich in longer-chain homologs, 
specifically C26 to C30, which are responsible for 49.9% of total intensity within the group. 
Branched alkanes include 2-methyl-6-propyl-dodecane, 5,5-diethylpentadecane, and 6,6-
diethylhoctadecane, which are collectively responsible for 4.05 % of intensity within the 
group. Acyclic Esters is the second abundant aliphatic group that accounts for 7.60% of total 
peak intensity. Similar to those found in PEN9-003, the esters in C.D. coal are made 
primarily of medium-long chain fatty acid backbones esterified with small alcohols of 1 to 3 
carbons. Octadecanoic acid methyl ester is the most abundance species, accounting for 40.4% 
of intensity within the group. This is followed by hexadecanoic acid methyl ester, 
heptadecanoic acid methyl ester, and hexadecanoic acid-1-methylethyl ester. Acyclic 
alcohols and acyclic ketones that are significant members of PEN9-003 coal appeared to be 
trivial in C.D.. 2,4,7,9-Tetramethyl-5-decyn-4,7-diol and 6,10,14-trimethyl -2-pentadecanone 
are the only species of the two groups that have been detected with significance, each 
accounting for 0.4% of the summed peak intensity. The ketone has been found in both coals. 
Also present at lower levels (compared to PEN9-003) is the group Polycyclic Aliphatic 
Hydrocarbons, which contributes to only 0.8% of summed intensity in the C.D. coal. 4,6,8-
Trimethylazulene and chamazulene are the only two significant compounds detected in this 
group. The latter is a common species of the two coals.  
The proportion of aromatic compounds in the summed peak intensity of C.D. coal extract is 
36.9%, a value that is almost the same as that of PEN9-003. However, the composition varies 
tremendously. C.D. coal is characterized by rich contents of polyaromatic hydrocarbons 
which proportion (20.2%) is more than twice that of PEN9-003 (9.1%). This is accompanied 
by significantly less aliphatic moieties (the group Cyclic Aliphatic Hydrocarbons Fused to 
Benzene Rings) and heterocyclics, which proportions are 42.0% and 27.4% those of PEN9-
003 coal, respectively. Taking a closer look, polyaromatic hydrocarbons are made up of 2 to 
4 ring structures, which is dominated by three-ring members that account for 80.3% of total 
intensity within the group. This is different to PEN9-003, which contains mostly two-ring 
compounds, suggesting a higher degree of condensation in C.D. coal. Within the three-ring 
members, alkyl phenanthrene appeared to be more abundant than alkyl anthracene by a ratio 
of 2.39 based on peak intensity. 1-Phenanthrenol is the only compound of the group that has 
heteroatoms, accounting for 5.11% of group intensity. Despite the variety of compounds in 
the group, 2,3,6-trimethyl-naphthalene is the only common species that have been detected in 
the two coals. Likewise, the composition of Monocyclic Aromatic Hydrocarbons in the C.D. 
coal also show a significantly difference to that in PEN9-003 coal. Specifically, the C.D. coal 
is marked by a high proportion of biphenyls, which account for 81.2% of total intensity 
within the group. In contrast, PEN9-003 has demonstrated exclusively single-ring structures 
for this group. Compounds with heterogeneous functional moieties such as ester bond, 
phenolic hydroxyl, and carbonyl (aldehyde), are responsible for 38.2% of total intensity 
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within the group. 4-(2-Phenylethenyl)- phenol, (1-methyldodecyl)-benzene, 
3,3’dimethylbiphenyl, 3,4’-dimethyl-1,1’biphenyl, and [1,1’-biphenyl]-4-carboxaldehyde are 
the most abundant members of the group. (1-Methyldodecyl)-benzene is the only compound 
that is common to the two coals. The group Cyclic Aliphatic Hydrocarbons Fused to Benzene 
Rings is made up of compounds with two or more benzene rings fused to a single cyclic 
aliphatic moiety. 79.9% of the group intensity comes from compounds with two- or three-
membered fused aromatic rings. This is in contrast to the PEN9-003 coal, which group 
members show exclusively single aromatic unit but multiple aliphatic rings, suggesting a 
higher degree of condensation in the C.D. coal. 1,2,3,4-Tetrahydro-9,10-dimethyl-anthracene, 
and 11H-benzo[b]fluorene are the two most abundant species. Anthrone is the only 
compound with heterogeneous atoms, responsible for 12.8% of group intensity. Heterocyclic 
hydrocarbons in C.D. coal are composed of two or three aromatic rings fused to heterocyclic 
moieties containing O or S. Benzo[b]naphtho[1,2-d]thiophene is the richest compound, 
followed by 4-methyl-dibenzofuran, and 1,2-dimethyl-naphtha[2,1-b]furan.     
144 
 
144 
 
  
 
Figure 4-6: Compound distribution in the no-oxidant control of PEN9-003 coal (A) and C.D. coal (B). Values represent the 
percentage abundance of individual groups based on GC-MS peak intensity. Hydrocarbons in this context refer to not only 
compounds that are made of H and C elements, but also those with heteroatoms-containing functional groups connected to 
carbon backbones. Any molecules that contain heteroatoms such as O, N, S as a part of a ring structure is classified as a 
heterocyclic compound. Aromatic hydrocarbons (both monocyclic and polycyclic) here refer to molecules that have benzene 
rings connected to aliphatic moieties (both cyclic and acyclic) via only sigma bonds. Monocyclic aromatic hydrocarbons 
represent compounds with one or multiple benzene rings connected with each other via sigma bonds. Compounds with 
aromatic units fused to cyclic aliphatic moieties are classified as ‘cyclic aliphatic hydrocarbons fused to benzene rings’. 
Unless denoted ‘cyclic’, all compound groups are considered to contain only acyclic structures.   
145 
 
145 
 
 
Figure 4-7: GC-MS total ion current (TIC) chromatogram of organic solvent extract of PEN9-003 raw coals. Annotations 
represent a part of identified compounds which have relatively high peak intensity. This includes 1) 1-Dodecanamine,N,N-
dimethyl-; 2) n-Hexadecane; 3) 2-Hexadecanone; 4) 3-Phenanthrenol, 4b,5,6,7,8,8a,9,10-octahydro-4b,8,8-trimethyl-,(4bS-
trans)-; 5) n-Octadecane; 6) 1-Heptadecanol; 7) 4b,8-Dimethyl-2-isopropylphenanthrene,4b,5,6,7,8,8a,9,10-octahydro-; 8) 
Hexadecanoic acid, methyl ester; 9) 18-Norabietane; 10) 1,5,6,7-Tetramethyl-3-phenylbicyclo[3.2.0]hepta-2,6-diene; 11) 
5.alpha.,17.alpha.-Pregnan-12-one; 12) 2,4a,8,8-Tetramethyldecahydrocyclopropa[d]naphthalene; 13) Naphthalene,7-
butyl-1-hexyl-; 14) 3-Methyl-2-octyl-1H-quinolin-4-one; 15) Ethyl Oleate; 16) 4,4'-Diacetyldiphenylmethane; 17) 3H-
Pyrrolo[3,2-f]quinoline,1,2,3,4,7,9-hexamethyl-; 18) Phenanthrene, 1-methyl-7-(1-methylethyl)-; 19) 4a,trans-4b,cis-
8a,trans-10a-Perhydro-cis-2,4b,8,8-tetramethyl-trans-2,10a-ethanophenanthren-12-one; 20) Hexanedioic acid, bis(2-
ethylhexyl) ester; 21) n-Pentacosane; 22) n-Hexacosane; 23) Pyridine, 3,4-diphenyl-; 24) n-Heptacosane; 25) n-Octacosane; 
26) n-Nonacosane.  
 
Figure 4-8: GC-MS total ion current (TIC) chromatogram of organic solvent extract of C.D. raw coals. Annotations 
represent a part of identified compounds which have relatively high peak intensity. This includes: 1) n-Pentadecane; 2) n-
Pentadecane; 3) 3,3'-Dimethylbiphenyl; 4) 1,1'-Biphenyl, 3,4'-dimethyl-; 5) n-Heptadecane; 6) n-Octadecane; 7) Phenol, 4-
(2-phenylethenyl)-; 8) Phenanthrene; 9) n-Nonadecane; 10) Hexadecanoic acid, methyl ester; 11) Anthracene, 9-methyl-; 12) 
n-Decosane; 13) Phenanthrene, 1-methyl-; 14) Phenanthrene, 4-methyl-; 15) n-Heneicosane; 16) Phenanthrene, 2,3-
dimethyl-; 17) Octadecanoic acid, methyl ester; 18) n-Docosane; 19) n-Tricosane; 20) n-Tetracosane; 21) Hexanedioic acid, 
bis(2-ethylhexyl) ester; 22) n-Pentacosane; 23) n-Hexacosane; 24) n-Heptacosane; 25) n-Octacosane; 26) n-Nonacosane; 
27) n-Triacotane.  
 
In
te
n
si
ty
 (
re
le
v
an
t 
u
n
it
 o
n
 a
b
so
lu
te
 s
ca
le
) 
Time 
(1
) 
(3
) 
(6
) 
(7
) 
(9 ) 
(1
1
) 
(1
2
) 
(4
) 
(1
0
) 
(1
3
) 
(1
6
) 
(1
7
) 
(1
8
) 
(1
9
) 
(2
0
) 
(2
4
) 
(2
3
) 
(2
) 
(5
) 
(8
) (1
5
) 
(2
1
) 
(2
2
) 
(2
5
) 
(2
6
) 
PEN9-003 no-oxidant control 
0 
15 
146 
 
146 
 
4.4.4.2 Change of Organic Compounds in Solvent Extract Due to Hydrogen Peroxide Oxidation 
H2O2 oxidation has evidently shifted the composition of solvent extractable matter in PEN9-
003 coal (Fig. 4-9 for examples of some obvious shift in peak size). For the 200% standard 
H2O2 dosage groups, the total peak intensity decreased slowly in the first 4 days of 
pretreatment, and increased slightly thereafter. The magnitude of change ranges from -6.5% 
at day 4 to +2.6% at day 30 with reference to the total intensity of the no-oxidant control (Fig. 
4-10). Effect of oxidation has been more significantly demonstrated among the individual 
compound groups (Fig. 4-10). In general, oxidation has increased the concentration 
(equivalent to proportion which is given by percentage based on peak intensity) of groups 
Aliphatic Carboxylic Acids, Aliphatic Ethers, Aliphatic Alcohols, Aliphatic Ketones, 
Monocyclic Aromatic Hydrocarbons, and Monocyclic Aliphatic Hydrocarbons. Abundance 
of aliphatic carboxylic acids (Fig. 4-10) doubled after 7 days of treatment but decreased 
slowly thereafter due to likely over-oxidation. 2-Methyl-,1-(1,1-dimethylethyl)-propanoic 
acid is the dominant compounds in this group, following the same variation trend as above. 
Octanoic acid, which is not present in the no-oxidant control, was produced after 1 day of 
oxidation and became enriched over time. Concentration of aliphatic ethers (Fig. 4-10) was 
boosted 6 times by day 30. Two new species: udecanal dimethyl acetal and 1,1-dimethoxy-
hexadecane appeared at day 1 and day 4 respectively, and increased in concentration over 
time. Other compounds include decanal dimethyl acetal and 1,1-dimethoxy-dodecane, which 
intensity elevated with treatment length. Oxidation has also produced more aliphatic alcohols 
(Fig. 4-10), the proportion of which increased steadily to 168 % that of the no-oxidant control 
at day 30. Concentration of aliphatic ketone (Fig. 4-10) grew by 53.8 % at day 4, and 
plateaued thereafter. The increase is due to the formation of a new compound: 2-
heptacosanone at day 1 of treatment, which abundance developed over time. No significant 
change in intensity has been observed for other compounds in the group. Oxidation has also 
increased the abundance of Monocyclic Aromatic Hydrocarbons (Fig. 4-10) slightly to 111 % 
at day 30 with respects to the no-oxidant control after an initial dip at day 1. In particular, 
concentration of hydrocarbons with no heterogeneous atoms, and that of phenolic esters, 
decreased steadily in the first 7 days to 80 % that in the no-oxidant control, but bounced back 
to 90 % at day 30. In contrast, compounds with heterogeneous functional groups such as 
carbonyl and phenolic hydroxyl groups boosted in concentration after pretreatment. A 
number of new species, including benzaldehydes with alkyl and phenolic hydroxyl groups, 
and alkyl phenols formed upon oxidation and became substantially enriched over time. Also 
increased is the content of monocyclic aliphatic hydrocarbons (Fig. 4-10), which escalated to 
471 % that in the no-oxidant control at day 30 of treatment. The emergence of two cyclic 
carboxylic acids: 1,3-cyclopentanedicarboxulic acid and cyclohexanecarboxylic acid at day 1 
and day 4 greatly contributed to the increase. In contrast to the above, compound groups: 
Aliphatic Esters, Aliphatic Amines, and Cyclic Aliphatic Hydrocarbons Fused to Benzene 
ring have been generally consumed during oxidation of PEN9-003. Concentration of aliphatic 
esters (Fig. 4-10) surged at day 1 but decreased sharply towards day 7 and plateaued. The 
initial spike was due to the formation of hexadecanoic acid methyl ester (demonstrated in Fig. 
4-9), the abundance of which boosted by 5.74 times with regards to that of the no-oxidant 
control. This is followed by a fast depletion of the compounds at day 4 to just 5.5 % the 
abundance at day 1. It then stabilized towards day 30. A similar trend has been observed for 
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the same ester in PEN9-003 coals treated with 100% standard dosage of H2O2, confirming the 
validity of the observation. The abundance of hexadecanoic acid methyl ester increased 
sharply with an increase in H2O2 dosage from 50% to 100%, but slightly with increases from 
0 to 50% and 100% to 200%. The concentration of the remaining compounds in the group 
aliphatic ester show a generally decreasing trend with treatment length. The concentration of 
the aliphatic amine: N,N-dimethyl-1-dodecanamine (Fig. 4-10) increased slightly at day 1 
and then dropped by 31.5% at day 4 and stabilized. Oxidation has also slightly consumed the 
group Cyclic Hydrocarbons Fused to Benzene Rings (Fig. 4-10). Individual compounds 
follow a generally consistent trend with the group. Concentration of other compound groups 
is found to vary by bimodal trends with treatment length. Abundance of Acyclic Alkanes (Fig. 
4-10) decreased to 81.5 % that of the no-oxidant control at day 1 and increased slowly after 
that. This brings the proportion of the group at day 30 to 95.4 % that of the no-oxidant control. 
Consistent trends are observed among the individual compounds within the group. 
Concentration of heterocyclic compounds (Fig. 4-10) generally decreased and increased with 
treatment length except for the spike at day 4. Dibenzofuran, the dominant member of the 
group, increased then decreased in concentration, inflecting around day 7. 4-Chromanol and 
benzothiazole formed upon oxidation at day 1 and became enriched over time. They are 
responsible for the spike at day 4. The abundance of 3,4-diphenyl- pyridine decreased with 
treatment length to 38.8% that of the no-oxidant control at day 30. Concentration of other 
compounds in the group remained largely stable. The Polycyclic Aromatic Hydrocarbons 
(Fig. 4-10) and Polycyclic Aliphatic Hydrocarbons (Fig. 4-10) decreased, increased and then 
decreased in abundance with treatment length, inflecting around day 1 and day 7. The 
magnitude of variation is relatively small, ranging from -12.1% to -4.71% for polyaromatic 
hydrocarbons, and -11.3% to +8.12% for polycyclic aliphatic hydrocarbons with regards to 
the concentrations in the no-oxidant control. Similar trends have been observed for individual 
compounds within the two groups, which have demonstrated largely consistent behaviour. A 
list of new chemical species formed after oxidation is given in Table 4-4. 
Figure 4-11 shows the composition in C.D. coal upon oxidation with 200 % standard dosage 
of H2O2 solution for 30 days. An 11.0 % increase in total peak intensity has been observed at 
the end of treatment period (Fig. 4-11). Oxidation has failed to generate any new compounds 
to a significant amount, but has effected the abundance of the existing compounds. 
Compound groups: Polycyclic Aromatic Hydrocarbons, Monocyclic Aromatic Hydrocarbons, 
Cyclic Aliphatic Hydrocarbons Fused to Benzene Rings, Heterocyclics, and Polycyclic 
Aliphatic Hydrocarbons have increased in concentration after oxidation. The proportion of 
polyaromatic hydrocarbons (Fig. 4-11) was 120 % that of the no-oxidant control at day 30. 
All compounds within this group have gained intensity on absolute scale by various extents. 
Particularly, molecules with two fused aromatic rings have increased in proportion by 4.13%, 
whereas compounds with three and four fused rings have decreased in proportion by 3.50% 
and 0.63% respectively. Oxidation has also increased the concentration of the group 
Monocyclic Aromatic Hydrocarbons (Fig. 4-11) to 115 % that of the no-oxidant control. 
Compounds which have a single benzene ring and those with heterogeneous moieties have 
been enriched by 3.08% and 1.12 % respectively. The proportions of group Cyclic Aliphatic 
Hydrocarbons Fused to Benzene Rings (Fig. 4-11) and group Polycyclic Aliphatic 
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Hydrocarbons (Fig. 4-11) have also increased slightly after oxidation to 114 % and 107 % of 
those in the no-oxidant control, respectively. The former has a higher enrichment in the 
compounds with heterogeneous moieties. Also increased in abundance are the heterocyclics 
(Fig. 4-11) which exhibits a 25.5 % of growth in proportion, contributed evenly by its 
members. In contrast to the above, groups Acyclic Alkanes and Acyclic Alcohols have 
significantly decreased in concentration after oxidation. Specifically, the proportion of 
acyclic alcohols (Fig. 4-11) dropped to 63 % that in the no-oxidant control. Pretreatment has 
also led to shortening of carbon chain in n-alkanes, of which homologs with 26 to 30 carbons 
has decreased in proportion to 67.7 % of that in the no-oxidant control. This has been 
compensated by a 14.3 % increase in the proportion of shorter-chain n-alkanes ranging from 
C13 to C25. Oxidation has barely changed the proportion of the acyclic esters and acyclic 
ketones despite an increase in absolute intensity. Octadecanoic acid methyl ester and 
hexadecanoic acid 1-methylethyl ester in particular, have increased in absolute intensity by 
5.55 % and 20.1% respectively. In contrast, other members in the group aliphatic esters 
generally decreased in absolute intensity. 
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Figure 4-9: GC-MS Total ion current (TIC) chromatogram on the solvent extracts of pretreated PEN9-003 coals (as 
labelled). The horizontal axis represents time while the vertical measures peak intensity. Episode 1 and 2 stand for two 
different zoom-in sections of a single chromatogram, where the change in compound distribution can be most significantly 
visulized. Within each episode, the range of vertical axis (peak intensity) is the same for different graphs so as to allow the 
change of compound abundance with treatment length to be demonstrated. 1) Hexadecanoic acid, methyl ester, 2) 18-
Norabietane, 3) 5.alpha.,17.alpha.-Pregnan-12-one, 4) 2,4a,8,8-Tetramethyldecahydrocyclopropa[d]naphthalene, 5) 2-
Hydroxy-5-methylbenzaldehyde, 6) 1H-Pyrrole-2,5-dione, 3-ethyl-4-methyl-, 7) Benzaldehyde, 2-hydroxy-, 8) 1,3-
Cyclopentanedicarboxylic acid, 9) Benzothiazole, 10) 4-Chromanol, 11) Phenol, 2,3,5,6-tetramethyl-. 
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Figure 4-10: Change of compound group abundance with treatment length in PEN9-003 coals oxidized with 200% standard 
hydrogen peroxide solution. Subgraph (A) shows the change of total peak intensity in the organic extract of PEN9-003 
samples that have been treated with hydrogen peroxide for different periods. Subgraphs (B) to (D) demonstrate change of 
percentaged abundance of each compound group in the relevant sample as a result of oxidation. Treatment length of 0 day 
on the graph represents the no-oxidant control.  
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Figure 4-11:  Change of compound group abundance in C.D. coals after oxidation with 200% standard hydrogen peroxide 
solution for 30 days. Subgraph (A) shows the change of total peak intensity in the organic extract. Subgraphs (B) to (D) 
demonstrate change of percentaged abundance of each compound group in the relevant sample as a result of oxidation. 
Treatment length of 0 day on the graph represents the no-oxidant control.  
4.4.4.3 Effect of Hydrogen Peroxide Oxidation on Coal Biodegradation 
The average biodegradation extent of solvent-extractable compounds in the no-oxidant 
control and pretreated PEN9-003 is shown in Fig. 4-12 (PEN9-003 = solid dots, C.D. = 
circle). The values stand for bioconversions of compounds based on peak intensity as an 
average of that in the no-oxidant control and the 200% standard H2O2 dosage groups. Each 
dot represents an individual compound (within a particular coal sample), which is aligned 
vertically with other members of the compound group coded by a same colour or pattern. 
Overall, biodegradation has eliminated 24.1% of peak intensity in the PEN9-003 no-oxidant 
control, and a higher proportion of 31.2% in the oxidized sample treated with 200% standard 
dosage of H2O2 for 30 days. Groups Aliphatic Carboxylic Acids (conversion of 0.604 – 
0.746), Aliphatic Esters (conversion of 0.558 – 0.981), Aliphatic Ethers (conversion of 
approximately 1), and Aliphatic Alcohols (conversion of 0.541 – 1) have been more 
substantially degraded in general. Biodegradation extent of esters and alcohols are largely 
consistent with that reported in Chapter 3 for the same coal. Esters with even carbon numbers 
have outcompeted the odd-carbon-numbered members by 20% in terms of conversion on 
weighted average basis. Aliphatic alcohols have been nearly depleted in the bioassays except 
for 1-hexacosanol and 1-(2-butoxyethoxy)-ethanol, that show lower conversion. High 
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bioavailability has also been observed for the oxidation products within groups Acyclic 
Carboxylic Acids and Acyclic Ethers. These include octanoic acid, undecanal dimethyl acetal, 
and 1,1-dimethoxy-hexadecane which show conversions of 0.7, approximately 1, and 
approximately 1 respectively. Among the aliphatic ketones, 6,10,14-trimethyl-2-
pentadecanone has been significantly altered with a conversion of 0.644, in contrast to the 
remaining that was lightly converted (average 0.138 ± 0.0455). Also well degraded is the 
acyclic amine which intensity has reduced by 64.7% in bioassay residue. Biodegradation has 
eliminated an average 23.8% ± 10.1% of acyclic alkanes, with individual conversions ranging 
from 0.0716 to 0.455. This is generally consistent with the finding in Chapter 3. Monocyclic 
aromatic hydrocarbons have demonstrated varying degrees of bioavailability. Compounds 
that have been extensively degraded are those with heterogeneous functional groups, 
specifically phenolic hydroxyl, carbonyl (aldehyde), and ether groups. The average 
conversion of them is 0.827 ± 0.120. In contrast, alkylbenzenes have been only slighted 
altered, with an average conversion of 0.0803 ± 0.0550. 4,4’-Diacetyldiphenylmethane is an 
exception that has heterogeneous functional moieties but low conversion (0.155 ± 0.036). 
The larger size of the diphenyl structure may have made it difficult for cellular uptake and 
transport. Oxidation products in this group have demonstrated a high average conversion of 
0.834 ± 0.118, greatly contributing to the overall bioavailability of the sample. Similar 
behaviour has been observed for the monocyclic aliphatic hydrocarbons, of which molecules 
with carboxyl group formed after oxidation showed a high conversion of 0.937 ± 0.0890. In 
contrast, compounds made of only carbon and hydrogen have been less degraded (average 
conversion of 0.260 ± 0.0972). Huge difference in bioconversion has also been found in the 
group Heterocyclic Hydrocarbons. A compound with a pyrrole structure attached to two 
carbonyl groups on the ring: 3-ethyl-4-methyl-1H-pyrrole-2,5-dione showed the highest 
degradability of 0.520 ± 0.238. This is followed by the cyclic ether: 4-chromanol which was 
formed by oxidation (0.498 ± 0.143), and further by 1,2,3,4,7,9-hexamethyl-3H-pyrrolo[3,2-
f]quinolone that has a conversion of 0.351 ± 0.105. The rest has been lightly degraded on 
average by 18.5 ± 6.04 %. Polycyclic aromatic hydrocarbons have shown consistently low 
bioavailability with an average conversion of 0.0565 ± 0.0390, the least of all compound 
groups. Low conversion is also common to compounds in the groups Polycyclic Aliphatic 
Hydrocarbons and Cyclic Aliphatic Hydrocarbons Fused to Benzene Rings. Compounds with 
heterogeneous functional groups: dehydroabietylamine, 1,1-dimethyl-1,2,3,5,7,8,9,9a-
octahydro-benzocyclohepten-6-one, and 1-acetyl-2-amino-3-cyano-7-isopropyl-4-
methylazulene have been more heavily degraded than the rest of the groups, showing 
conversions of 0.568 ± 0.0320, 0.260 ± 0.0133, 0.234 ± 0.0960 respectively. The remaining 
compounds have demonstrated low bioavailability with average conversions of 0.0524 ± 
0.0580 and 0.119 ± 0.0818 for the groups Polycyclic Aliphatic Hydrocarbons and Cyclic 
Aliphatic Hydrocarbons Fused to Benzene Rings, respectively. Table 4-4 summaries the 
bioconversion of new chemical species formed upon oxidation of PEN9-003.  
Bioconversion of compounds in C.D. coal has also been displayed in Fig. 4-12 by the shape 
of circles. Conversions in C.D. appeared to be significantly lower than those in PEN9-003, 
particularly within groups Acyclic Esters, Monocyclic Aromatic Hydrocarbons, and 
Heterocyclics (Fig. 4-12). Overall, bioassay has eliminated 19.4 % intensity in no-oxidant 
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control and 15.1 % in oxidized sample treated with 200% standard dosage of H2O2 for 30 
days. Specifically, aliphatic esters that are present in both coal samples showed lower 
conversions in C.D. than in PEN9-003. For example, bioassays have eliminated an average of 
55.8%, 76.2% and 78.3% of hexadecanoic acid methyl ester, hexadecanoic acid ethyl ester, 
and hexanedioic acid bis(2-ethylhexyl) ester respectively in PEN9-003, but only 40.5%, 70.0% 
and 64.7%  in C.D. coal. Compounds from other groups that are common to the two coals 
have also shown consistently lower conversions in C.D. than in PEN9-003. Given that the 
two coal samples had been inoculated with the same culture source, the difference may be 
attributed to the level of accessibility of bioavailable compounds to microorganisms that 
could vary significantly across coals of different ranks. Among the other compounds, the 
aliphatic alcohol: 2,4,7,9-tetramethyl-5-decyn-4,7-diol has been most depleted by 
microorganisms, with no significant intensity detected in the residue of bioassay. The 
remaining aliphatic esters have also shown reasonable bioavailability with conversions of 
0.575 ± 0.036, 0.219 ± 0.026, and 0.190 ± 0.089 for hexadecanoic acid 1-methylethyl ester, 
octadecanoic acid methyl ester and heptadecanoic acid methyl ester, respectively. 
Monocyclic aromatic hydrocarbons that have heterogeneous moieties appear to be 3.48 times 
more degradable than those with only carbons and hydrogens. [1,1’-Biphenyl]-4-
carboxaldehyde, benzoic acid 2-ethylhexyl ester, and 4-(2-phenylethenyl)-,(E)-phenol have 
shown the highest bioavailability within the group, with conversions of 0.365 ± 0.057, 0.213 
± 0.017, and 0.176 ± 0.023, respectively. Benzo[b]naphtho[1,2-d]thiophene is the most 
bioavailable heterocyclic compound that has a conversions of 0.394 ± 0.126. This is followed 
by 1,2-dimethyl-naphtho[2,1-b]furan and, 4-methyl-dibenzofuran, which show conversions 
of 0.181 ± 0.004 and 0.165 ± 0.077, respectively. Consistently low bioavailability has been 
demonstrated in the polycyclic compounds, including the groups Polyaromatic Hydrocarbons, 
Polycyclic Aliphatic Hydrocarbons, and Cyclic Aliphatic Hydrocarbons Fused to Benzene 
Rings. The conversions are generally below 0.1 with a few slightly above the margin (Fig. 4-
12). 1-Phenanthrenol is the most biodegradable compound of the kind, showing a conversion 
of 0.167 ± 0.015.   
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Table 4-4: List of major new chemical species formed upon oxidation of PEN9-003 coal and their bioconversion. 
Compound name Formula Bioconversion* 
Octanoic acid  C8H16O2 0.700 ± 0.181 
Undecanal dimethyl acetal C14H30O2 Approx. 1 
Hexadecane, 1,1-dimethoxy- C18H38O2 Approx. 1 
2-Heptacosanone C27H54O 0.170 ± 0.0959 
Benzaldehyde, 2-hydroxy- C7H6O2 0.898 ± 0.155 
2-Hydroxy-5-
methylbenzaldehyde 
C8H8O2 0.899 ± 0.0779 
Phenol, 2,3,5-trimethyl- C9H12O 0.687 ± 0.0670 
Phenol, 2,3,4,6-tetramethyl- C10H14O 0.730 ± 0.190 
Phenol, 2,3,5,6-tetramethyl- C10H14O 0.958 ± 0.0546 
1,3-Cyclopentanedicarboxylic 
acid 
C7H10O4 Approx. 1 
4-Chromanol C9H10O2 0.498 ± 0.143 
* The bioconversion was calculated by dividing the difference in compound intensity before 
and after bioassay by the intensity of compound before biodegradation.  
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Figure 4-12: Extent of bioconversion in each compound group, calculated by dividing the difference between peak intensity 
of coals before and after biodegradation by peak intensity of coals before biodegradation. Each compound group is 
identified by a unique colour. Solid dots and circles stand for PEN9-003 and C.D. coals respectively. Each dot or circle 
represents an individual compound which bioconversion (as shown) is the average of the no-oxidant control and oxidized 
coals. Error bars represent the standard deviation from the means for individual compounds. Compounds with same 
bioconversion appear as a single dot on the graph.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
4.5 DISCUSSION  
4.5.1 Hydrogen Peroxide Oxidation of Coal Extractable Matter 
Oxidation with H2O2 is initiated by formation of hydroxyl free radicals in a photolytic 
reaction catalysed by UV light (Baxendale and Wilson, 1957, Lea, 1949). The free radicals 
have a single unpaired electrons that is highly reactive with chemical species, leading to 
scission of chemical bonds. This results in two free radical species, of which one will be 
paired with the hydroxyl free radical, and the other will repeat the cycle with a different 
molecule until it is bonded by another free radical, terminating the chain reaction 
(Motherwell and Crich, 1992). The process may give rise to hydroxyl groups, carbonyl 
groups, carboxylic groups and ether bonds (Cox and Nelson, 1984). Carbon-carbon sigma 
bonds are in general more amenable to free radical cleavage (homolytic cleavage) due to the 
low homolytic dissociation energy (339 kJ/mol on average) compared to other common 
bonds such as -C-O- (average 351 kJ/mol) and -C-H (average 418 kJ/mol) (Lowry and 
Richardson, 1987). In addition, interaction between hydroxyl free radicals and water 
produces oxygen (Lea, 1949), which can further oxidize hydrocarbons, increasing their 
hydrophilicity and potentially bioavailability through formation of heterogeneous linkages 
(Ishii et al., 2001, Strąpoć et al., 2011). The consequences of these reactions have been 
demonstrated in the organic composition of PEN9-003 coal, especially within the water-
soluble portion. Oxidation has boosted concentrations of acetic acid (Fig. 4-4) and aqueous 
DOC (Fig. 4-5) by 22.3 and 28.2 times, respectively, by the end of the 30-day period (200% 
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standard dosage of H2O2). The source of these compounds may be solvent-extractable matter, 
which is believed to be more reactive due to the smaller molecular size, poorly ordered 
carbon, and higher degree of saturation (Fabiańska et al., 2013, Furmann et al., 2013b, Jones 
et al., 2013, Romero-Sarmiento et al., 2011). This is supported by a simultaneous decrease in 
total peak intensity of solvent extracts (Fig. 4-10), and increase in aqueous DOC contents 
(Fig. 4-5) from day 1 to day 4. Hexadecanoic acid methyl ester in particular, demonstrated 
the greatest drop in intensity during this period. Among the water soluble compounds, VFA-
As (composition give in Section 4.4.3; variety of compounds detected is limited to that in the 
analytical standard described in Section 4.3.4) play a significant role, accounting for an 
average 13% of soluble DOC (Fig. 4-5). Previous studies have also reported formation of 
other fatty acids, such as formic acid, glycolic acid, malonic acid and oxalic acid, as well as 
methanol in addition to acetate, in H2O2 oxidation production of low rank coal (Mae et al., 
2001, Miura et al., 1996, Yu et al., 2014). They may contribute to the remaining 87% of 
dissolved DOC. Both concentration of H2O2 relative to coal and duration of treatment have 
significantly promoted the production of aqueous compounds (in Section 4.4.3). However, 
the rate of increase in dissolved DOC dropped sharply after day 4 (Fig. 4-5), beyond which 
solubilisation of coal might have occurred at similar rates to further oxidation of the aqueous 
compounds (i.e. to CO2). The halt in net production of soluble DOC can be overcome by 
increasing the concentration of H2O2 relative to coal (shown in Fig. 4-5). However, whether 
the extra bioavailability justifies the cost requires further calculation.    
H2O2 oxidation might have also converted kerogen or larger hydrocarbons to smaller 
fragments that are amenable to GC-MS analysis within the set conditions. Direct evidence of 
this is the elevation of total peak intensity in PEN9-003 coal after 30 days of pretreatment 
(Fig. 4-10). This is consistent with the increase in bitumen content in H2O2 oxidized Powder 
River Basin subbituminous coal reported by Jones et al. (2013). Of the total increase in peak 
intensity at day 30 (200% standard dosage), 11.3% was due to formation of new compounds 
which are exclusively oxygenated and small in molecular size (primarily <10 carbon 
numbers). The rest was due to enrichment of existing compounds (Section 4.4.4.2), most of 
which also contain oxygenated functional groups, an observation largely consistent with 
previous studies (Clemens et al., 1991, Tian et al., 2010, Tian et al., 2012, Wang and Zhou, 
2012, Yu et al., 2014). Bother kerogen or larger compounds within solvent-extractable matter 
could have been precursors for these molecules. The fact that the intensity of groups Acyclic 
Alkanes, Polyaromatic Hydrocarbons, Polycyclic Aliphatic Hydrocarbons, and Cyclic 
Aliphatic Hydrocarbons Fused to Benzene Rings decreased during early phase of 
prertreatment (Fig. 4-10) suggests that they might have been the precursors. They were, 
however, gradually replenished at later phases of oxidation, indicating a possible conversion 
from kerogen. In particular, the drop in intensity of n-alkanes from day 0 to day 1 matches 
favourably with the surge in content of hexadecanoic acid methyl ester (Fig. 4-10), 
suggesting a possible relationship. However the mechanism behind such a selective 
conversion is unclear. Detailed mapping of precursor molecules to oxidation products is also 
hard to conduct purely based on change in intensity, as a lot of compounds might have been 
both formed and consumed during oxidation, and that free radical reaction lacks specific 
pathways. 
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The two samples PEN9-003 and C.D. have demonstrated remarkably different response to 
H2O2 pretreatment. Despite the increase in solvent-extractable matter contents, C.D. coal has 
failed to register any significant concentration of soluble DOC after oxidation (<< 0.01 mg/g). 
A possible explanation is that C.D. coal might have contained far less chemically labile 
matter so that H2O2 was present in excess, converting water-soluble compounds to CO2 as 
soon as they were formed. This seems to be supported by the low abundance of solvent-
extractable matter, the intensity of which is only 1/7 that in PEN9-003 (Section 4.4.4.1), and 
further by the fact that the concentrations of H2O2 used to treat the two coals are largely 
similar (Table 4-2). Besides the quantity, difference in the composition of solvent-extractable 
matter could have also affected the amenability of the coals to H2O2 treatment. C.D. coal has 
a significantly lower proportion of saturated organic moieties, which is reflected in both 
hydrogen content (Table 4-2) and the composition of solvent-extractable matter (Section 
4.4.4.1). This indicates a relatively lower availability of sigma bonds and a higher degree of 
aromatization in C.D. coal, and therefore a greater resistance to cleavage. Similar to PEN9-
003, oxidation has led to an increase in total intensity of oxygen containing compounds in 
C.D. extract. However, the extent of enrichment was less (Fig. 4-11) and due solely to 
existing compounds with no new chemical species formed by detectable concentrations. In 
contrast to PEN9-003, oxidation of C.D. coal has also increased the intensity of groups with 
nearly no heteroatoms (i.e. Polyaromatic Hydrocarbons, Polycyclic Aliphatic Hydrocarbons, 
and Cyclic Aliphatic Hydrocarbons Fused to Benzene Rings). This may be caused by a 
stronger attack on aliphatic linkages within the kerogen matrix as a result of higher exposure 
to H2O2 (due to the lack of labile compounds).  
4.5.2 Effect of Hydrogen Peroxide Oxidation on Coal Bioavailability 
H2O2 oxidation of PEN9-003 coal has resulted in a maximum 10 fold increase in methane 
yield from bioassays, with the aqueous phase being more affected (see in Section 4.4.2). The 
improvement in bioavailability is consistent with that reported by Jones et al. (2013). 
Particularly, methane yield from the liquid phase of pretreatment product increased by 13.1 
times after oxidation. This is thought to be largely due to the surge in VFA-As (Fig. 4-4) and 
soluble DOC (Fig. 4-5) concentrations, which became undetectable in the bioassay residue. 
The high bioavailability of water-soluble compounds is consistent with results from Robbins 
et al. (2016a) and Chapter 3. Contribution of aqueous oxidation products to total methane 
yield (combining liquid and solid) can be as high as 62.2% (Fig. 4-2), suggesting an 
importance of them to bioavailability. The conversion of soluble DOC to methane is, 
however, low (0.0668 based on carbon balance at day 30 with 200% standard dosage), which 
may be, in part, due to the presence of residual H2O2 that continued to oxidize aqueous 
compounds to CO2 in bioassays. This is evidenced by the observations that methane 
production from the aqueous phase of oxidation product (fraction B, Fig. 4-1) did not start 
until a second inoculation with the same culture on the 7
th
 day of incubation. The initial lag 
might be a result of inhibition from the residual H2O2, which was gradually depleted and 
overwhelmed by the second lot of inoculum. This is further supported by the fact that the 
conversion of dissolved DOC to methane is higher in the no-oxidant control (0.206) than in 
the oxidized coal. In general, concentration of H2O2 relative to coal has a stronger effect than 
pretreatment length on methane yield from the aqueous oxidation product within the range 
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investigated (Table 4-3). Nevertheless, the significance of a longer pretreatment duration 
increased with an increase in H2O2 dosage. This implies that high H2O2 concentration seems 
to favour formation of bioavailable compounds in water solution more than conversion of 
aqueous compounds to CO2. It can be extrapolated that further increasing the H2O2 dosage 
and treatment length will improve the methane yield further. However, the benefit needs to be 
balanced with extra chemical cost, as well as the decreased throughput due to the longer 
treatment time. Insubstantial removal of residual H2O2 can also compromise methane yield 
even after a second inoculation. This is demonstrated by the significantly larger difference in 
methane yield from liquid phase between day 4 and day 30 (200% standard dosage of H2O2¸ 
methane yield at day 4 is 44.3% that at day 30, Fig. 4-2) than the difference in acetic acid and 
DOC content (acetic acid and DOC at day 4 are 97.3% and 86.5% those at day 30, Fig. 4-4 
and 4-5). The highest concentration of H2O2 used in this study is 39.6 mmol/g coal or 10% by 
weight with regards to the solution. This is considered reasonably high compared to those 
used for experiments of the same purpose (Huang et al., 2013b, Jones et al., 2013).  
Oxidation with H2O2 has also boosted methane production from the solid phase of oxidized 
PEN9-003 coal (Fig. 4-1, fraction A) by a maximum of 8.93 fold. Although a small portion of 
methane might be derived from the residual water-soluble compounds adsorbed to the surface 
of oxidized coal (solid portion, Fig. 4-1, fraction A), the fact that the proportion of methane 
yield from the solid in total (37.8% at day 30, 200% standard dosage, Fig. 4-2) is 
significantly higher than that of acetic acid and dissolved DOC (proportions of acetic acid 
and DOC in water eluents of pretreated solid are 14.8% and 4.73% of the concentration in 
total pretreatment product, respectively, Fig. 4-4 and 4-5) indicates that non-water-soluble 
compounds have made a major contribution to biomethane yield from the solid phase of 
pretreatment product. Specifically, H2O2 oxidation has increased the extent of biodegradation 
in solvent-extractable matter of PEN9-003 coal by a maximum 29.5% with regards to that in 
the no-oxidant control (see Section 4.4.4.3). The improvement is, in part, due to the formation 
of new chemical species which have an average conversion of 0.811, significantly higher 
than the overall conversion (0.312 in PEN9-003 treated with 200% standard dosage of H2O2 
for 30 days). This is because these compounds are rich in heterogeneous moieties such as 
carboxyl groups, ether bonds, carbonyl groups, and hydroxyl groups, which have been 
associated with high bioavailability (Hirschler et al., 1998, Jones et al., 2013, Scott and Jones, 
2000, and Chapter 3). The enhancement in biodegradation may also be a result of an 
enrichment of compounds that show higher bioavailability in the no-oxidant control (see 
Section 4.4.4.2 and Section 4.4.4.3). These include groups Aliphatic Carboxylic Acids, 
Aliphatic Alcohols, and Aliphatic Ethers, which contain the above functional moieties. 
Nevertheless, the extent of solvent-extractable matter biodegradation is not always reflective 
of methane production (Furmann et al., 2013b, and Chapter 3). This is demonstrated by a 
slight decrease in methane yield from the solid phase of oxidation product after day 4 (Fig. 4-
2), in contrast to an increase in the abundance and bioconversion of solvent-extractable 
matter (Section 4.4.4.3 and Fig. 4-10). A possible explanation is that prolonged oxidation 
raised the average oxidation state of carbon in the extractable matter (and therefore fewer 
electron to be donated), therefore reducing the proportion of methane produced per mole of 
compounds consumed. When the influence of the decrease in molar yield of methane 
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outweighs that of the increase in biodegradation extent, the observed methane yield will 
decrease. This hypothesis is supported by the fact that the weighted average oxidation state of 
carbon in compounds with conversions greater than 0.5 is higher at day 30 (-1.54) than day 4 
(-1.60). The difference becomes more significant when conversion is limited to > 0.7: -1.54 
at day 30, and -1.66 at day 4. The decrease in methane yield may also be due to change in 
contents of specific compounds such as 2,3,4,6-tetramethyl- phenol, cyclohexanecarboxylic 
acid, 1,1-dimethoxy-hexadecane, 3-ethyl-4-methyl-1H-pyrole-2,5-dione, hexadecanoic acid 
ethyl ester, and dodecanoic acid 1-methylethyl ester, which show conversions greater than 
0.5 and similar variation trends with treatment length to methane production. However, the 
advantage of these compounds over others in being converted to methane cannot be readily 
explained with existing knowledge. Further studies with a larger number of samples is 
required to confirm the results.  
In contrast to PEN9-003, H2O2 oxidation of the higher rank C.D. coal has reduced the 
bioconversion of solvent-extractable matter to roughly 3/4 of that in the no-oxidant control 
(Section 4.4.4.3). Methane yield from the pretreated samples was just marginally detectable 
and decreased slightly with treatment length (Fig. 4-3). The inability to produce biomethane 
has been primarily associated with the low contents of extractable matter, and further with the 
low proportion of the oxygenated bioavailable compounds in the extractable matter (Section 
4.4.4.2 and Section 4.4.4.3). As a result, methane generation might have been outcompeted 
by other carbon-consuming activities that express higher priority (e.g. biosynthesis). The low 
methane yield is also consistent with the observation that compounds common to the two 
coals showed constantly lower conversions in C.D (Section 4.4.4.3). The discrepancy might 
be explained by the difference in accessibility of coal surface compounds. As coal gains 
thermal maturity, the abundance of macropores and mesopores decreases considerably in 
exchange for micropores (Crosdale et al., 1998, Gan et al., 1972, Nie et al., 2015, Rodrigues 
and Lemos de Sousa, 2002). Micropores have diameters less than 5 nm, which is too small to 
accommodate microorganisms that are typically 1000 to 3000 nm in diameter (Scott, 1999). 
As a result, the higher rank C.D. coal might have encompassed less effective surface area for 
microbial colonization than PEN9-003. The lack of heterogeneity in C.D. coal would have 
also increased the hydrophobicity of the coal surface (therefore less wettability), making 
leaching of hydrocarbons in water and attachment of microbes difficult. The former is believe 
to be a major constraint for the rate of the microbial process (Papendick et al., 2011, Scott, 
1999, Strąpoć et al., 2011). The decrease in methane yield with treatment length might be 
attributed to the depletion of acetic acid (Section 4.4.3) and 2,4,7,9-tetramethyl-5-decyn-4,6-
diol (Section 4.4.4.2) in the later stage of oxidation in the aqueous and solid portions of the 
coal respectively. The former is highly bioavailable for methanogenesis (Robbins et al., 
2016a, Zheng et al., 2016, and Chapter 3) and the latter demonstrated the highest 
bioconversion (close to 1) within the organic solvent-extractable portion of C.D. coal 
(Section 4.4.4.3).   
4.5.3 Effect of Coal Rank on Amenability to H2O2 Oxidation and Biomethane Production  
The two coal samples showed pronounced difference in response to chemical pretreatment 
and biodegradation. This is believed, to some degree, to be associated with the difference in 
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rank (Section 4.3.1). Transformation of subbituminous to bituminous coal is marked by 
condensation of phenols to diaryl ether and dibenzofuran-like structures, which are further 
converted to alkylbenzene-like structures, followed by condensation of the aliphatic side 
chains, forming polycyclic aromatic hydrocarbons (Fakoussa and Hofrichter, 1999, Hatcher 
and Clifford, 1997). The observation that the subbituminous PEN9-003 coal contains a 
significantly higher proportion of oxygenated monoaromatic compounds and less 
polyaromatic structures than the bituminous C.D. coal (Section 4.4.4.1) is consistent with the 
maturation pattern. The higher abundance of heteroatoms and a lower degree of unsaturation 
in the low rank PEN9-003 coal matches favourably with its high bioavailability and chemical 
reactivity (Foght, 2008, Strąpoć et al., 2011). In contrast, polyaromatics stabilized by 
resonance structures are energy-intensive to break (Foght, 2008, Holliger and Zehnder, 1996, 
Strąpoć et al., 2011), therefore compromising the bioavailability and chemical reactivity of 
the high rank C.D. coal. 
In addition, an increase in coal thermal maturity can also affect the content of solvent-
extractable matter, which is an important indicator for coal bioavailability (Fallgren et al., 
2013 a, Jones et al., 2013, and Chapter 3). Solvent-extractable matter, also known as bitumen 
or oil in coal, is defined as a fraction of mobile compounds that are soluble in organic 
solvents and fills the voids and fractures in coals (Curiale, 1986, Jacob, 1989, Mastalerz and 
Glikson, 2000, Tissot and Welte, 1984). Generation of solvent-extractable matter in coal 
takes place mainly within liptinite and perhydrous vitrinite macerals (Clayton, 1993, Taylor 
et al., 1998). Nevertheless, as thermal maturity increases, liptinite loses its identity and 
eventually shows chemical properties homologous to vitrinite in medium-volatile bituminous 
rank (Mastalerz and Glikson, 2000, Strąpoć et al., 2011). The transformation is accompanied 
by an initial increase in oil content from subbituminous to bituminous (Taylor et al., 1998) 
and a subsequent thermal cracking of the hydrocarbons to gas in medium-volatile bituminous 
rank, leading to a decrease in hydrogen and oxygen contents (Mastalerz and Glikson, 2000, 
Strąpoć et al., 2011). The low proportion of liptinite (Section 4.3.1) and a deficit in solvent-
extractable matter and elemental hydrogen and oxygen (Table 4-2) in C.D. coal (medium-
volatile bituminous) compare favourably with the description. They are believed to be 
disadvantages of high rank coal in terms of bioavailability.  
Other factors, such as the increasing hydrophobicity and microporosity of coal (Section 4.5.2) 
with an increase in rank, could also inversely affect coal bioavailability, leading to a general 
consensus that coal bioavailability decreases with increase in thermal maturity (Fakoussa and 
Hofrichter, 1999, Rice and Claypool, 1981, Robbins et al., 2016a, Scott, 1999, Strąpoć et al., 
2011). Nevertheless, a number of studies demonstrated evidence that contradicts the above 
statement (Fallgren et al., 2013 a, Gallagher et al., 2013, Jones et al., 2008). Fallgren et al. 
(2013 a) in particular, pointed out that bituminous coals with an abundance of ‘trapped 
volatile organics’ produced more methane than samples of lower or higher ranks. This 
compares favorably with the importance of solvent-extractable matter described in this study 
and in Jones et al. (2013) and Chapter 3, suggesting a possible higher order of relationship 
between coal rank and bioavailability (i.e. following the trend of solvent-extractable matter 
content). Studies in Chapter 3 also proposed a degree of dependence of coal bioavailability 
on maceral composition, as well as post-depositional environment such as exposure to 
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indigenous microorganism in coal seams. This brings in factors other than coal rank to the 
study of coal bioavailability. Further experiments with a greater variety of samples would 
therefore, be necessary to characterize the dependence of coal bioavailability on thermal 
maturity. Besides that, the study has also revealed a negative relationship between coal rank 
and chemical reactivity. While the high degree of aromatization (more PAHs) and poor 
surface wettability in C.D. can diminish the amenability of coal to H2O2 oxidation, the low 
abundance of chemically labile compounds (e.g. solvent extractable matter) might have led to 
over-oxidation, compromising the bioavailability of coal. Further experiments with more 
appropriate H2O2 dosages may be established to re-examine the effect of oxidation on 
bioavailability of the medium-volatile bituminous C.D. coal.    
4.6 CONCLUSIONS 
The study has confirmed an ability of H2O2 in improving coal bioavailability for microbially-
enhanced methane production. The major findings are outlined below.                                              
1) H2O2 oxidation has boosted methane production by a maximum 10 times in the 
subbituminous PEN9-003 coal treated with 39.6 mmol/g coal of H2O2 for 30 days. The 
highest methane yield was 223.7 umol/g (~ 5.68 m
3
/tonne). In contrast, the medium-
volatile bituminous C.D. coal showed no improvement in methane production after 
oxidation, with a maximum yield of only 0.212 μmol/g. 
2) H2O2 oxidation has considerably enhanced solubilization of PEN9-003 in water, with 
concentrations of dissolved DOC and acetic acid boosted by maximum 28.2 and 22.3 
times, respectively. The pretreatment has also increased the content of solvent-extractable 
matter, particularly oxygen-containing compounds, such as acyclic carboxylic acids, 
alcohols, ethers, ketones, and oxygenated monocyclic aliphatic and aromatic 
hydrocarbons. The enrichment was due both to formation of new compounds and an 
increase in the abundance of existing compounds. C.D. coal has, likewise, seen an 
increase in solvent-extractable matter content after oxidation, though no net formation of 
new compounds or water-soluble matter was detected.   
3) Improvement in methane generation from PEN9-003 was derived from both the aqueous 
and the solid phases of oxidation product. The former (i.e. dissolved DOC) was found to 
be depleted in bioassay residue, while the latter (i.e. solvent-extractable matter in solid) 
demonstrated a 29.5% increase in bioconversion after oxidation. Solvent-extractable 
matter with heterogeneous functional moieties showed a higher bioavailability in general. 
Oxidation appeared to inversely affect the bioavailability of C.D. coal, a possible 
consequence of over-oxidation due to the low abundance of chemically labile compounds.     
4) Compared to the subbituminous PEN9-003 coal, the medium-volatile bituminous C.D. 
coal has a lower solvent-extractable matter content, H/C ratio, contents of heteroatoms, 
and surface wettability. These are the result of substantial thermal maturation (e.g. 
medium-volatile bituminous or higher), and are thought to be responsible for the low 
bioavailability and chemical reactivity (i.e. oxidation by H2O2) of the C.D. coal.    
The improvement in methane yield is consistent with that reported by Jones et al. (2013) 
upon oxidizing subbituminous coal with H2O2. The study is one of the first comprehensive 
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works to characterize compositional changes of solvent-extractable matter after oxidation, as 
well as the effect of rank on chemical reactivity and the consequent bioavailability of 
oxidized coal. Application of the pretreatment is, however, only likely to be ex-situ. Coal 
beneficiation waste, especially rejects from fine coal washing (e.g. froth floatation) may be 
used as a feed to bioreactors to make the process economically plausible. These coal fines 
contain a decent proportion of organic carbon with proven bioavailability for methanogenesis 
(Zheng, et al., 2017). The technical challenge is usually the high rank of coals (e.g. coking 
coals) from which the rejects are generated, posting the same problem as that of the C.D. coal. 
A more carefully designed combination of oxidant dosage and pretreatment length is required 
for the process to be effective. A further improvement in chemical reactivity may be achieved 
via additional of surfactants or extraction with solvents that enhances the accessibility of 
aqueous radicals to organic matter. However, whether the extra methane justifies the 
chemical cost demands further calculation. Ex-situ process may also be plausible on lower 
rank coals in places where coal is a more abundant resource than natural gas, and burning 
thermal coal has caused serious environmental issues so that conversion to a cleaner form of 
fuel is necessary (e.g. the surge of PM2.5 fine particulate matter in China). The experiments 
on the subbituminous coal (PEN9-003) in this study showed a promising potential and can be 
used as basis for further optimization and upscaling.                 
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5 IMPROVING COAL BIOAVAILABILITY FOR BIOGENIC METHANE 
PRODUCTION THROUGH AEROBIC MICROBIAL PRETREATMENT 
5.1 CONTRIBUTION TO THE THESIS 
Experimental study in this chapter was established to investigate the research question 3 set 
out in Section 1.2. The study is an alternative option to chemical oxidation in Chapter 4, 
providing solutions to increasing coal bioavailability via the action of aerobic 
microorganisms. The rationale behind microbial pretreatment is that with the help of O2 as 
the electron acceptor, aerobes may develop more powerful metabolic pathways for 
degradation of recalcitrant hydrocarbons in coal. The resulting bioavailable intermediates, 
together with biomass can be used as carbon substrates for methane production via anaerobic 
digestion. Previous studies have reported an ability of bacteria and fungi to solubilise and 
depolymerise lignite (Section 2.7), but few considered applications in biomethane production 
using samples with rank higher than lignite. This chapter provides the first research in 
integrating aerobic microbial degradation of subbituminous coal to anaerobic production of 
methane using the product of the aerobic stage as the substrate.  
5.2 INTRODUCTION  
During the past decade, consumption of natural gas has increased from 2958 to 3670 billion 
cubic meters (BCM) worldwide, and 29.0 to 41.9 BCM in Australia (BP, 2018). 
Correspondingly, the proportion of natural gas in total energy consumption has grown from 
25.5% in 2007 to 27.2% (on million tons oil equivalent basis) in 2017 worldwide, and more 
significantly, 22.9% to 30.6% in Australia (BP, 2018). The rising importance of natural gas 
can be attributed to its widespread reserves, high calorific value and lower greenhouse gas 
emissions relative to coal and petroleum. Natural gas can be further classified as conventional 
and unconventional natural gas differentiated by their reservoir type and extraction method 
(Department of Environment and Heritage Protection, 2017). Conventional gas flows readily 
to production wells and can be extracted by traditional drilling, whereas unconventional 
reserves are usually low in permeability and require pressure reduction (e.g. pumping out 
formation water for extraction of coal seam gas) in order to release the gas (CSIRO, 2015, 
Department of Environment and Heritage Protection, 2017). The latter is commonly of three 
origins: coal seam gas, shale gas and tight gas (Department of Environment and Heritage 
Protection, 2017). Over the last decade, production of coal seam gas in Queensland has 
shown a significant surge from 63 to 979 PJ in contrast to a drop in conventional gas 
production from 142 to 45 PJ (Department of Natural Resources and Mines, 2017).  
Generation of coal seam gas takes place mainly via two processes: thermogenesis and 
secondary biogenesis. The contribution of the latter has been proved to be significant in the 
Queensland coal basins (Draper and Boreham, 2006, Hamilton et al., 2014, Kinnon et al., 
2010). The Walloon Subgroup (Surat Basin, Queensland) coals investigated in this study 
produce almost entirely microbial methane (Draper and Boreham, 2006, Hamilton et al., 2015, 
Hamilton et al., 2014). One advantage of secondary biogenesis is the possibility of producing 
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additional methane through microbial action. The commonly adopted strategies include 
microbial stimulation via nutrient amendment (Fallgren et al., 2013a, Fallgren et al., 2013b, 
Green et al., 2008, Jones et al., 2013, Jones et al., 2010, Jones et al., 2008, Papendick et al., 
2011, Robbins et al., 2016a, Zheng et al., 2017, and Chapter 3), bioaugmentation through 
inoculation with enrichment culture (Jones et al., 2013, Jones et al., 2010, Jones et al., 2008, 
Robbins et al., 2016a, Zheng et al., 2017, and Chapter 3), increasing coal surface area via 
fracturing and pulverization (Gilcrease and Shurr, 2007, Green et al., 2008, Papendick et al., 
2011), relieving surface tension via surfactants and solvents (Gilcrease and Shurr, 2007, 
Green et al., 2008, Papendick et al., 2011), and pretreatment of coal by chemical or microbial 
alteration (Huang et al., 2013a, Huang et al., 2013b, Huang et al., 2013c, Wang et al., 2017, 
and Chapter 4). The last is relatively under-studied. Microbial pretreatment in particular has 
been least reported for the purpose of enhancing biogenic methane production. This may be 
because it is not a feasible process to be implemented in-situ as the pretreatment aerobes 
require aeration underground, which is both uneconomic and hazardous due to the presence 
of flammable gases in coal seams such as methane. The injection of aerobes into aquifer may 
also breach environmental regulations or best practice. Nevertheless, if considered for above 
ground application, microbial pretreatment has certain advantages such as less energy 
demand, low operating cost and self-maintenance. Although mining of underground coal for 
ex-situ gasification is generally regarded as uneconomic, using surface coal or coal 
beneficiation waste can potentially make the process viable. In this context, rejects from froth 
flotation (Jameson Cell) during coal washing have been reported to contain sufficient coal to 
generate biomethane at a comparable level to that of raw coals (Zheng et al., 2017).      
The rationale behind microbial pretreatment is to enhance the conversion of recalcitrant coal 
hydrocarbons, which are not readily biodegradable under methanogenic conditions, to 
bioavailable forms with the help of aerobes and a powerful electron acceptor: O2. The 
majority of research on aerobic microbial modification of coal has been focused on the brown 
coal lignites (Fakoussa, 1994, Fakoussa and Hofrichter, 1999, Hofrichter et al., 1999, 
Hofrichter et al., 1998, Hofrichter et al., 1997, Hofrichter and Fakoussa, 2001, Hofrichter and 
Fritsche, 1997a, Hofrichter and Fritsche, 1997b, Hofrichter and Fritsche, 1996, Wang et al., 
2017). Bioconversion of lignites generally follows two strategies: solubilisation and 
depolymerisation (Fakoussa and Hofrichter, 1999). Solubilisation is usually a non-enzymatic 
process, involving microbial secretion of alkaline substances, chelating agents and surfactants 
to either extract compounds (e.g. humic substances) or relieve surface tension on coal surface 
to enhance mass transfer (Hofrichter and Fakoussa, 2001). Solubilisation can also occur 
enzymatically via production of non-oxidative hydrolases such as esterase produced by 
Trametes versicolor (Campbell et al., 1988). On the other hand, depolymerisation is 
facilitated by oxidative enzymes including lignin peroxidase, manganese peroxidase and 
laccase, which cleave chemical bonds within coal matrix, forming yellowish fulvic acid-like 
substances with low molecular weight (Hofrichter and Fakoussa, 2001). Both bacteria such as 
Actinomycetes and Pseudomonas, and microfungi (molds and yeasts) have been associated 
with coal solubilisation, whereas depolymerisation has been attributed solely to the wood-
decaying and litter-decomposing ligninolytic Basidiomycetes (Hofrichter and Fakoussa, 
2001). Specific to methanogenesis, Wang et al. (2017) reported tripling of biomethane yield 
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from a Chinese lignite after treating the coal with aerobic waste activated sludge. In contrast, 
hard coal is thought to be more recalcitrant to microbial attack due to its high structural 
condensation, hydrophobicity and low abundance of heteroatoms (Hofrichter and Fakoussa, 
2001). Microbial modification of hard coal has been reported to cause decreased surface 
tension, increased surface wettability and solvent extractability, and formation of brownish 
substances that are rich in carboxylic and hydroxyl groups (Bublitz et al., 1994, Fakoussa, 
1988, Hofrichter et al., 1997). However, such evidence is much less for hard coal than for 
lignites. The underlying microbial process, especially the enzymatic pathway for cleavage of 
non-lignin-like structure in hard coal is also poorly understood. To the author’s knowledge, 
no study has attempted to integrate aerobic microbial modification of coal to biomethane 
production as a pretreatment to enhance bioconversion in samples with rank higher than 
lignite. This study will set out to investigate the feasibility of such a process on a 
subbituminous Walloon coal PEN9-003, which was previously characterized to be 
perhydrous and rich in liptinite and solvent-extractable matter (Chapter 3). The objectives 
include: 1) improve biomethane yield through aerobic microbial pretreatment of coal; 2) 
characterize the change in solvent-extractable matter composition after microbial 
pretreatment, and its relation to coal bioavailability; and 3) characterize the key 
microorganisms that are responsible for the improvement in bioavailability.   
5.3 METHODS 
5.3.1 Sample Information 
The coal sample investigated in this study is PEN9-003, one of the six subbituminous 
(vitrinite reflectance Rr % = 0.45) Walloon coal core samples investigated in Chapter 3. 
Experiments in this study were carried out on the size portion that passed through the 300 μm 
sieve, same as that in Chapter 4. Previous tests (Chapter 4) have found the sample to be rich 
in volatile matter that accounts for 42.1 % of total weight on an air-dried basis. The 
proportions of fixed carbon, moisture and ash are 36.9%, 7.4% and 13.6% respectively 
(Chapter 4). The coal is also marked high content of hydrogen (6.3 wt% on dry-ash-free 
basis), a feature that is consistent with the perhydrous nature of Walloon coals (Khavari-
Khorasani, 1987). The proportions of carbon, nitrogen, sulphur and oxygen are 77.7%, 1.18%, 
0.44% and 14.4% respectively (Chapter 4). Chapter 3 has reported a rich content of organic-
solvent extractable matter in the coal, accounting for 12 % of total weight on an as-received 
basis. These compounds are smaller in molecular size, more saturated, and abundant in 
heterogeneous moieties (Chapter 3 and 4). They are believed to be more bioavailable to 
microbial consortia than the condensed and cross-linked structure of kerogen (Furmann et al., 
2013, Harris et al., 2009, Harris et al., 2008, Jones et al., 2013, and Chapter 3).  
5.3.2 Setup of Bioreactors 
The bioreactors consist of two stages with three operating phases. Starting with raw coal 
digestion in the anaerobic stage, the readily-bioavailable compounds are firstly converted by 
methanogenic consortia to methane. The digestate is then transferred to an aerobic reactor 
where recalcitrant hydrocarbons are processed, giving pretreatment products that are 
transferred back to the anaerobic stage for further conversion to methane. The purpose of this 
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cyclic feeding pattern is to prevent loss of bioavailable compounds in the raw coal outside the 
anaerobic reactor, therefore maximizing biomethane production. The anaerobic stage was 
further separated into two reactors, with one receiving the solid phase of aerobic digestate 
(anaerobic-solid) and the other liquid product (anaerobic-liquid). The purpose was to isolate 
possible inhibitors in aqueous solution (e.g. nitrate, sulphate) that might compromise methane 
yield as a whole (Dar et al., 2008, Kristjansson and Schönheit, 1983, Oremland and Polcin, 
1982, Sakthivel et al., 2012). The detailed experimental scheme is presented in Fig. 5-1. 
Inocula for the aerobic pretreatment reactor was sourced from a variety of bacterial and 
fungal cultures including waste activated sludge, mushroom roots and white rots on corn and 
tree barks. The anaerobic stage was inoculated with digester sludge (sourced from Luggage 
Point Wastewater Treatment Plant, Brisbane, Australia, provided by the Advanced Water 
Management Centre, within UQ) to provide an all-round and robust methanogenic 
community (Zheng et al., 2017, and Chapter 3 and 4). Both aerobic and anaerobic cultures 
utilized adapted Tanner media (Tanner, 2007) as the source of inorganic growth nutrients 
with mineral solution, trace metals, vitamins and TES buffer, to half concentration of those 
described in Tanner (2007). No NaHCO3 was added as it affects CO2 concentration in the 
anaerobic stage and facilitates the growth of autotrophic and lithotrophic nitrifying bacteria in 
the aerobic stage; Na2S·9H2O was used as an anti-oxidant in the anaerobic stage. 37 mL, 120 
mL and 160 mL biomethane potential bottles (BMP bottle) were used as bioreactors for the 
aerobic (Reactor C, Fig. 5-1), anaerobic-liquid (Reactor B, Fig. 5-1), and anaerobic-solid 
stages (Reactor A, Fig. 5-1) respectively. Operation of anaerobic reactors was carried out 
exclusively in an anaerobic chamber inflated with N2. The bottles were sealed with butyl 
rubber stoppers and crimped with an aluminium cap to keep them gas-tight. The headspace 
was vacuumed and refilled with nitrogen to a slight over pressure to prevent intrusion of air. 
Aeration of the aerobic reactor was carried out continuously via a pump that delivered air at 
the rate of approximately 40 mL /min (1 atm). 
Prior to commissioning of the two-stage process, 20 mL of the mixed aerobic culture (2mL 
waste activated sludge, aliquots of mushroom root fungi spores, and white rots, topped up 
with Tanner media) was pre-incubated with 4 g of PEN9-003 coal powder (coal 
concentration in the culture: 200 g coal/L) in batch mode for 60 days at room temperature in 
darkness. A weekly supplement of 1 mg D-glucose (in water solution) was added to the 
culture as a carbon source during the adaptation process. In a similar way, the anaerobic-solid 
reactor (Reactor A, Fig. 5-1) was started up with 8 mL inocula digester sludge and 16 g of 
raw coal powder. The culture was topped up to 80 mL (200 g coal/L) with Tanner media. The 
anaerobic-liquid reactor (Reactor B, Fig. 5-1) was inoculated with the 4 mL digester sludge 
and filled up to 40 mL with Tanner media. Both anaerobic cultures were incubated at 37 ˚C 
under anaerobic conditions for 60 days. A biweekly dose of 1 mg D-glucose (in water 
solution) was provided as a carbon supplement. For each feeding cycle after the initial 
adaptation, 10 mL of anaerobic digestate (homogenized by shaking the culture) was taken 
from the Reactor A (Fig. 5-1), of which 5 mL was centrifuged at 3750 RPM for 10 mins, and 
the remains disposed of after liquid sampling (detailed in Section 2.4). The bottom pellet of 
the centrifuged digestate was re-suspended in Tanner media (filled to 5 mL, combining solids 
and media), and fed to the aerobic reactor (Reactor C, Fig. 5-1), together with 1 mg D-
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glucose. Prior to receiving the feed, 5 mL of aerobic culture (homogenized by shaking the 
culture, Reactor C, Fig. 5-1) was taken out and centrifuged at 3750 RPM for 10 mins. The 
supernatant, after liquid sampling, was sparged with nitrogen for 1 min to drive off dissolved 
oxygen. It was then fed to the anaerobic-liquid reactor (Reactor B, Fig. 5-1) with Tanner 
media (to make a total feed volume of 5 mL) in place of the 5 mL digestate, which was 
disposed of after liquid sampling. The bottom pellet, re-suspended in Tanner media to a total 
volume of 5 mL, was fed to the anaerobic-solid stage (Reactor A, Fig. 5-1), which 
simultaneously received 5 mL of fresh feed with 1 g of raw coal (200 g /L) and Tanner, 
completing the feeding cycle. Feeding was conducted every three days that gives a hydraulic 
retention time (HRT) for the aerobic stage of 12 days, and that of anaerobic stages 24 days 
(longer retention time to accommodate slower metabolism of anaerobes). 24 days was 
thought to be sufficient for conversion of readily bioavailable compounds in coal under 
anaerobic condition (Zheng et al., 2017 and Chapter 3 and 4).   
In order to demonstrate the result of culture adaptation and to identify any significant 
autotrophs or lithotrophs present in the pretreatment microbial community, a parallel no-coal 
control (Reactor D, Fig. 5-1) was set up in a similar way as the aerobic reactor. Feed to the 
control was dosed at the same frequency but contained only fresh media. The effluent of the 
culture was centrifuged with bottom solid being returned to the control and supernatant being 
discarded. Also established was a no-pretreatment control maintained anaerobically, 
receiving 1g raw coal and 1 mg glucose in 5 mL fresh feed (topped up with Tanner) per 
feeding cycle (with 5 mL digestate in the culture being discarded before receiving the feed). 
The purpose of this control was to quantify the net improvement in biomethane yield after 
microbial pretreatment, taking into account the contribution of glucose.    
169 
 
169 
 
 
Figure 5-1: Schematic diagram of bioreactor setup. Microbial pretreatment of coal takes place in the aerobic reactor, which 
receives anaerobically digested raw coal as well as supplementary glucose as feed and recycles aerobically digestate to 
anaerobic stage. A no-coal control was set up around the aerobic stage to reveal the effect of coal on aerobic microbial 
community, while a no-pretreatment control was established to quantify the net improvement of pretreatment on biomethane 
yield. All reactors were incubated in darkness to prevent formation of photoautotrophic biomass.  
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5.3.3 Headspace Gas Measurement 
An Aligent 7820A gas chromatograph (GC) system was used to measure the concentrations 
of CH4 and CO2 in the headspace of the anaerobic bioreactors. CO2 is converted to CH4 
internally through a reaction with hydrogen, facilitated by nickel catalyst. This enabled 
detection of CO2 together with CH4 in the FID detector. The equipment was connected with a 
HayeSep Q packed column. The set temperatures for the injector, column, and detectors were 
150
 ˚C, 150 ˚C, and 300 ˚C respectively. A constant flow of 20 mL/min helium gas was used 
as a carrier, facilitating the flow of sample to the detector. A stream of 40 mL/min H2 and 450 
mL/min air was used as fuel for the FID detector.   
For each injection, a 100 μL gas sample was drawn from the headspace of the anaerobic 
reactors, using an aseptic 100 μL syringe equipped with stainless steel needle and a shut-off 
valve. The sample was then injected into the GC with a split ratio of 5. Calibration was 
carried out before and after each set of measurements using two standard gases with one 
containing 1.03% (by volume and same hereafter) CH4 and 20.08% CO2 and the other 15.1% 
CH4 and 5.05% CO2. Headspace gas concentration was measured at the end of each feeding 
cycle.  
5.3.4 Water Chemistry Analysis 
Volatile short-chain fatty acids and alcohols (referred to VFA-As hereafter) are readily 
degradable compounds that can be produced from oxidation of coal hydrocarbons. To 
quantify VFA-As in the pretreated coals, 0.4 mL of filtered water samples (filtered with 
Millex GP, 0.22 µm micro-filter) was mixed in a glass vial with 0.32 mL Mili-Q water and 
0.08 mL 10% formic acid solution containing analytical standard that covers the range of C2 
to C6, including acetic acid, propionic acid, iso-butyric acid, butyric acid, iso-valeric acid, 
valeric acid, 4-methyl valeric acid, hexanoic acid, heptanoic acid, ethanol, 1-propanol and 1-
butanol, iso-butanol and 1-hexanol. The original concentration was diluted by two times to 
keep it below the upper calibration limit (500 ppm). The mixture was analysed using an 
Agilent 7890A GC with a flame ionization detector (FID), carried out by the analytical lab of 
the Advanced Water Management Centre (within the University of Queensland). In order to 
quantify the dissolved organics in the aqueous solution of the cultures, the amount of total 
soluble organic carbon (DOC) was measured. To do so, 1 mL of the same samples was mixed 
with 7 mL of Milli-Q water in a glass tube sealed with a parafilm. The mixture was sent to 
the same laboratory for analysis. In addition, anions that contain oxidized form of nitrogen or 
sulphur (i.e. nitrate and sulphate) are potent electron acceptors that can inhibit 
methanogenesis from organic compounds (Dar et al., 2008, Kristjansson and Schönheit, 1983, 
Oremland and Polcin, 1982, Sakthivel et al., 2012). Nitrate can occur via oxidation of 
ammonium in the Tanner media (Tanner, 2007) by nitrifying bacteria (Blackburne, 2006), 
while sulphate may be converted from the TES buffer that contains oxidized form of sulphur. 
In order to quantify them, 0.4 mL of filtered liquid sample was mixed with 0.4 mL Milli-Q 
water and sent to the same laboratory for ion chromatography (IC) analysis.    
The water samples in this study were collected from the effluents of the aerobic reactor 
(Reactor C, Fig. 5-1), anaerobic-solid stage (Reactor A, Fig. 5-1) and anaerobic-liquid stage 
(Reactor B, Fig. 5-1) in the final stabilized culture (the end of the last feeding cycle). They 
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correspond to fractions D, B and F in Fig. 5-1 respectively. Additional samples were taken at 
the end of each HRT (day 12, 24, 36 and 48) for IC analysis to track the concentration of 
nitrate and sulphate.    
5.3.5 Bicinchoninic Acid (BCA) Assay 
The growth and population of aerobes are the key to this process, and thus need to be 
monitored over time. Direct measurement of the optical density of the culture can be 
significantly biased by the presence of coal powder to which cells may be attached. 
Bicinchoninic (BCA) acid assay provides a simple alternative by measuring the concentration 
of proteins produced by microorganisms as an indirect indicator for microbial activity. The 
method takes advantage of the highly sensitive and selective colorimetric detection of the 
cuprous cation (Cu
1+
) which is formed via reduction of Cu
2+
 by protein in an alkaline medium 
(Pierce Biotechnology, 2017) - the biuret reaction (Gornall et al., 1949). The Cu
1+
 cation is 
then chelated with two BCA molecules, forming a water-soluble, purple-coloured complex, 
which exhibits a strong absorbance at wavelength 562 nm (Pierce Biotechnology, 2017). The 
absorbance is said to increase nearly linearly with protein concentration within the range of 
20-2000 µg/mL.  
For this study, BCA analysis was conducted initially and after each HRT (12 days) on the 
aerobic reactor. 0.1 mL of well-mixed culture was added to 2 mL BCA reagents from 
Pierce
TM
 BCA Protein Assay Kit (with 50 parts reagent A and 1 part reagent B by volume as 
per instruction, Pierce Biotechnology, 2017) and incubated at 37 ˚C for 30 mins. In parallel, a 
control with 0.1 mL 200g/L PEN9-003 coal (soaked in Tanner media) was prepared in the 
same way to account for the background reading. The mixture was cooled to room 
temperature (5 mins) before being transferred to a cuvette where the absorbance at 
wavelength of 562nm was measured. For each sample, the average of three readings was 
taken to ensure accuracy. In order to quantify the protein content, a correlation between 
absorbance and concentration was established using albumin standards, which span 
concentrations of 0, 25, 125, 250, 500, 750, 1000, 1500, and 2000 µg/mL. The standards 
were prepared by dilution from a stock provided with the kit, and were analysed in the same 
way as the samples.  
5.3.6 Solvent Extraction and GC-MS Analysis 
Solvent extraction of coal was carried out in a Tecator Soxtec system HT2 1045, a method 
adapted from Soxhlet with improved efficiency (Membrado Giner et al., 1996). Extraction 
used a mixture of LC grade dichloromethane and HPLC grade methanol (2:1 by volume) in 
order to effectively recover both polar and non-polar compounds. For each round, oven-dried 
coal powder was extracted with 30 mL mixed solvent in a two-stage process composed of 1 
hour boiling and 1 hour rinsing (see Chapter 3 for details). The resulting extract was blow-
dried under a gentle stream of nitrogen and re-dissolved in 5 mL of the same solvent for GC-
MS analysis. Three samples: aerobic digestate (Fig. 5-1, fraction F), anaerobic digestate (Fig. 
5-1, fraction E) and a control of PEN9-003 coal were extracted. The first two were prepared 
by centrifuging 5 mL well-mixed effluent culture (final culture) at 3750 rpm for 10 mins, and 
drying of the bottom pellets at 37 ˚C overnight. The control was prepared by soaking 1g raw 
coal in 5 mL Tanner media (same solid to medium ratio as that in the cultures) overnight after 
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autoclaving the slurry at 120 ˚C for 20 mins (to wash out soluble compounds so that it is 
comparable to digestates). It was then centrifuged and dried in the same way as the digestates 
before extraction.  
Identification of compounds in the organic solvent extracts was carried out in a Shimadzu 
GC-MS-QP2010 equipped with a CTC PAL autosampler and a Restex Rxi-5MS 30m × 0.25 
mmID × 1.0 μm d.f. (film thickness) column. The analysis and interpretation of results 
followed the same procedures outlined in Section 4.3.6. 
5.3.7 DNA Extraction and 16S rRNA Gene Sequencing of Microbial Community  
10 mL each of Reactor A, C, and D final culture was sampled for microbial community 
profiling. Biomass was harvested as pellet together with coal particles by centrifuging the 
cultures at 3270 × g for 30 min. DNA extraction was conducted using the MoBio Powersoil 
DNA isolation kit as per the manufacturer’s instructions. The extracted DNA was targeted for 
polymerase chain reaction (PCR) that amplified the 16S rRNA gene using the universal 
primer set 926F and 1392R under conditions described by Robbins et al. (2016a). The 
amplicons were sequenced on the Illumina HiSeq2000 platform and analysed at the 
University of Queensland Australian Centre for Ecogenomics.  
5.4 RESULTS 
5.4.1 Biogas Production from Bioreactors 
Gas production from bioreactors is summarized in Fig. 5-2. Aerobic microbial pretreatment 
has evidently increased the bioavailability of coal for methanogenesis. Combining the liquid 
(Reactor B, Fig. 5-1) and solid (Reactor A, Fig. 5-1) parts of the pretreatment product, the 
maximum amount of methane produced from the anaerobic reactors is 76.7 µmol/g per 
feeding cycle (at day 36, Fig. 5-2A, B), which is more than twice that of the no-pretreatment 
control (36.5 µmol/g, Fig. 5-2C). The average combined methane yield of the 16 feeding 
cycles is 52.1 ± 14.7 µmol/g. Of the two anaerobic reactors receiving liquid (Reactor B) and 
solid (Reactor A) feed, the majority of methane comes from the solid (Reactor A), which 
produced 21.4 to 75.2 µmol/g methane, with an average of 45.4 ± 13.8 µmol/g per feeding 
cycle. Methane production from the solid part of pretreatment product (Fig. 5-2A) seems to 
follow a cyclic pattern with a period of ~15 days, a phenomenon that might be due to 
discoordination between cell growth and feeding frequency (i.e. the constant feeding rate 
cannot satisfy a fast accumulating microbial population, leading to a sudden decrease in cell 
number - mainly methanogens, and therefore methane production at a certain point). The fact 
that maximum methane yield increased over cycles indicates a likely improved adaptability 
of microbial consortia, leading to a higher conversion of coal hydrocarbons. In contrast, 
methane production from the liquid part of pretreatment product (Fig. 5-2B) displayed a 
generally decreasing trend over time. Methane yield ranges from below 1 µmol/g at a later 
stage to 17.3 µmol/g in the initial measurement. The decrease in methanogenesis may be 
associated with a gradual increase of redox potential in the system as a result of incomplete 
removal of oxygen from the feed (see Section 5.3.2 for sample preparation). Methanogenic 
pathways might also have been outcompeted by reduction of oxidants such as sulphate and 
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nitrate produced from the aerobic reactor, which are more powerful electron acceptors for 
biodegradation of hydrocarbons (Abu Laban et al., 2009, Dar et al., 2008, Sakthivel et al., 
2012). Production of CO2 in Reactor A (receiving solid part of pretreatment product, Fig. 5-
2A) decreased steadily within the first 30 days and stabilized thereafter. The decline in CO2 
matches favourably with a general increase in methane yield, suggesting a growing 
dominance of the methanogenic community in the consortia. CO2 production in Reactor B 
(receiving liquid part of pretreatment product, Fig. 5-2B) decreased initially and then 
increased over time. The decrease may, again, be due to an inhibition on the anaerobes in 
response to a rising redox potential, while the late stage surge may be a result of enrichment 
of sulphate- and nitrate- reducers (detailed later in Section 5.4.2), as well as aerobes, which 
oxidized carbon substrates to CO2.  
Throughout the course of pretreatment, the protein concentration in the aerobic reactor 
remained largely stable with small variations between 4.79 and 5.88 mg/g coal, after an initial 
increase from 2.84 mg/g (Fig. 5-2D). This suggests a likely stable population and 
functionality of the aerobic microbial consortia. pH in the aerobic culture was maintained 
between 5.54 to 6.06 after an initial decrease from neutral (7.02). The slight acidic 
environment was said to be favourable for bioenzymatic degradation of coal (Fakoussa and 
Hofrichter, 1999).    
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Figure 5-2: Performance of bioreactors and control. A) Biogas production from the anaerobic reactor (Reactor A, Fig. 5-1) 
receiving feed of fresh coal and solid part of microbially pretreated coal; B) Biogas production from the anaerobic reactor 
(Reactor B, Fig. 5-1) receiving feed of liquid part (aqueous solution) of microbially pretreated coal; C) Biogas production 
from no-pretreatment coal (Reactor E, Fig. 5-1) receiving feed of fresh coal and glucose; D) Protein concentration and pH 
in the aerobic microbial pretreatment reactor (Reactor C, Fig. 5-1). 
5.4.2 Water Soluble Compounds 
Table 5-1 shows the final concentrations of volatile fatty acids and alcohols, total dissolved 
organic carbon, sulphate, and nitrate in the aerobic and anaerobic reactors. The only 
significant VFA-As detected are iso-valeric acid and 4-methyl valeric acid with low 
concentrations (below 0.05 mg/g, Table 5-1). The fact that the two acids are not found in 
water eluents of raw coal (Chapter 3 and 4) indicates that they are likely products of 
microbial pretreatment. Previous study has identified significant contents of acetate and 
ethanol in raw PEN9-003 (Chapter 3). The absence of these two compounds suggests their 
complete conversion in Reactor A. Concentration of total dissolved organic carbon is highest 
in the aerobic reactor (1.067 mg/g in Reactor C, Table 5-1). The fact that the DOC is higher 
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than that in the feed (0.451, combining 1mg glucose and the residue DOC in Reactor A, see 
Section 5.5.1.2 for more details) indicates a net production of water soluble organics via 
microbial pretreatment. 
Examining the inorganics (Table 5-1), both sulphate (0.692 mg/g coal) and nitrate (1.50 mg/g) 
were detected at significant concentrations in the final culture of the aerobic reactor (Reactor 
C, Fig. 5-1). Concentrations of the oxidants increased steadily with treatment time (Fig. 5-3), 
presumably due to an enrichment of sulphur-oxidizing and nitrifying bacteria, utilizing 
sulphur in the TES buffer and ammonium from Tanner media (Tanner, 2007), respectively. 
The depletion of sulphate in Reactor A, and nitrate in both Reactor A and B suggests an 
enrichment of sulphate- and nitrate-reducers in the anaerobic consortia. This is consistent 
with the inhibition of methanogenesis and a surge in CO2 production observed in Reactor B 
(Fig. 5-2B).   
Table 5-1: Concentrations (in mg/g coal) of sulphate, nitrate, volatile fatty acids and total dissolved organic carbon in water 
solution of aerobic reactor at day 48 (final point). 
Soluble species  Aerobic stage Anaerobic stage (solid 
feed, Reactor A) 
Anaerobic stage (liquid 
feed, Reactor B) 
(mg/g) 
Iso-valeric acid 0.0297 0.0165 0.0405 
4-Methyl valeric acid 0.00488 0.00496 0.0198 
DOC 1.067 0.051 0.587 
Sulphate 0.692 0 1.86 
Nitrate 1.50 0.0266 0 
 
 
Figure 5-3: Change of nitrate and sulphate concentrations in the aerobic reactor (Reactor B, Fig. 5-1). The both electron 
acceptors showed increasing trends over time. Nitrate was gradually enriched over time whereas sulphate concentration 
increased and decreased with time.  
5.4.3 GC-MS 
Fig. 5-4 shows the compound distribution in the PEN9-003 control (see Section 5.3.6 for its 
preparation) based on peak intensity (area under peak) in GC-MS. A total number of 122 
compounds have been identified with matching quality higher than 60%. Solvent extractable 
matter is dominated by aliphatic hydrocarbons that account for 63% of total peak intensity of 
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identified compounds. Within the aliphatics, Acyclic Alkanes, and Polycyclic Aliphatic 
Hydrocarbons are the most abundant groups, accounting for 22% and 25% of total peak 
intensity respectively. The former is dominated by n-alkanes ranging from C13 to C30, while 
the latter is composed primarily of 2 to 4 fused rings with 6 carbon members. Acyclic Esters 
and Acyclic Alcohols are the two main heteroatom containing acyclic aliphatic groups, 
contributing 7% and 4% to the total peak intensity respectively. Monoaromatic Hydrocarbons 
are the most abundant aromatic group (12% of total peak intensity), followed by 
Polyaromatic Hydrocarbons (9%), Cyclic Aliphatic Hydrocarbons Fused to Benzene Rings 
(8%), and Heterocyclics (8%, all members contain aromatic units). Composition of solvent 
extractable matter is generally consistent with that reported in Chapter 4 on the same sample 
following the same extraction and analytical procedures. Readers are directed to Chapter 4 
for a detailed description of the solvent-extractable matter. 
 
Figure 5-4: Compound distribution in PEN9-003 control. Quantification is based on peak intensity in GC-MS. 
Hydrocarbons in this context refer to not only compounds that are made of H and C elements, but also those with 
heteroatoms-containing functional groups connected to carbon backbones. Any molecules that contain heteroatoms such as 
O, N, S as a part of a ring structure is classified as a heterocyclics. Aromatic hydrocarbons (both monocyclic and polycyclic) 
here refer to molecules that have benzene rings connected to aliphatic moieties (both cyclic and acyclic) via sigma bonds. 
Monocyclic aromatic hydrocarbons represent compounds with one or multiple benzene rings connected with each other via 
sigma bonds. Compounds with aromatic units fused to cyclic aliphatic moieties are classified as ‘cyclic aliphatic 
hydrocarbons fused to benzene rings’. Unless denoted ‘cyclic’, all compound groups are considered to contain only acyclic 
structures. 
Fig. 5-5 shows the example GC-MS total ion chromatograms for the solvent extracts of the 
PEN9-003 control, the aerobic (fraction C, Fig. 5-1), and the anaerobic (fraction E, Fig. 5-1) 
digestates. The illustrated section is a part of the complete chromatogram, showing some 
significant shifts in peaks upon microbial modification. Aerobic microbial pretreatment has 
caused a slight decrease in the total peak intensity of solvent extractable matter by 5.52%. In 
comparison, the change in composition, as summarized in Fig. 5-6, is much more significant. 
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Each dot in Fig. 5-6 represents an individual compound, while a cross denotes the sum of 
compounds within a group. Peak intensity of each compound was normalized with respect to 
that in the raw coal to give the values in the graph. As such, a compound with a score higher 
than 1 is considered being enriched after microbial pretreatment, while that scored lower than 
1 was consumed. Microbial pretreatment has increased the intensity of compound groups 
Acyclic Carboxylic Acids, Acyclic Alcohols, Heterocyclics, Polycyclic Aromatic 
Hydrocarbons, Monocyclic Aromatic Hydrocarbons, Monocyclic Aliphatic Hydrocarbons, 
and Polycyclic Aliphatic Hydrocarbons in the order of decreasing magnitude (Fig. 5-6A). The 
intensity of the first two groups grew by 32.1% and 24.4% respectively, while that of the rest 
varied within 10% (Fig. 5-6A). For individual compounds, a change in intensity of greater 
than 10% is considered significant as it exceeds the margin of measurement error (±10%, 
Section 5.3.6). Discussion hereafter will only include compounds with a significant shift in 
intensity. 
Among the acyclic carboxylic acids, nonanic acid, decanoic acid, and tridecanoic acid are the 
most enriched, showing 142%, 63.8% and 23.3% increase in peak intensity respectively. In 
contrast, 2-ethylhexanoic acid decreased in intensity by 18.9%. The opposite behaviour is 
also observed among members of the group Acyclic Alcohols (Fig. 5-6A). Compounds with 
carbon number ≥ 14 were generally enriched, while those with smaller molecular size were 
consumed. Specifically, 1-hexadecanol, 1-pentacosanol, 1-tetradecanol, 1-docosanol, and 2-
octyl-1-dodecanol show significant increase in intensity by 148%, 97.4%, 20.7%, 18.1%, and 
15.6%, respectively. In contrast, 1-octanol, 2-methyl-1-octanol, 2-methyl-1-decanol, 2-butyl-
1-octanol, 1-heptacosanol, 2,10-dimethyl-9-undecenol, 1,2-dihydrolinalool, and 1-
pentadecanol decreased in intensity by ~100%, ~100%, 52.1%, 33.2%, 29.5%, 17.5%, 13.9%, 
and 12.4%, respectively. Within the group Heterocyclics, cyclo-(glycyl-l-leucyl) is a new 
compound formed after aerobic microbial pretreatment (represented by a circle in Fig. 5-6A). 
However, the proportion of it is trivial, accounting for only 0.146% of total peak intensity. 
2,4,6-Trimethyl-quinoline shows the most significant increase in intensity by 22.9%, whereas 
2-[[4-(1,1-dimethylethyl)-2,6-dimethylphenyl]methyl]-4,5-dihydro-1H-imidazole, and 3-
isobutyl-6-methyl-1,2,3,4-tetrahydro-,γ-carboline decreased in intensity by 51.4% and 29.2% 
respectively (Fig. 5-6A). Within the group Polymeric Aromatic Hydrocarbons, 8-Isopropyl-
1,3-dimethylphenanthrene, and 1,2,3,4-tetramethyl-naphthalene were enriched by significant 
extents of 31.3% and 10.5% respectively (Fig. 5-6A). In contrast, 1,6-dimethyl-4-(1-
methylethyl)-naphthalene was consumed by 22.1%. Within the group Monocyclic Aromatic 
Hydrocarbons, 1-(1,5-dimethylhexyl)-4-methyl-benzene, 4,4’-diisopropylbiphenyl, 2-methyl-
2-phenyl-pentadecane, and 1-methyl-3,5-bis(3-methyl-3-butenyl)-benzene increased in 
intensity by 20.5%, 17.5%, 16.3% and 13.7% respectively (Fig. 5-6A). In contrast, 1,3-
bis(1,1-dimethylethyl)-benzene, and (1-methyldodecyl)-benzene show 61.8% and 27.8% 
decrease in intensity respectively. Within the group Monocyclic Aliphatic Hydrocarbons, 
members with heteroatoms demonstrated a higher average intensity increase (13.7%). Methyl 
tetrahydroionol, (2-ethyl-1-methyl-1-butenyl)-cyclohexane, 4-(2,2,6-trimethylcyclohexyl)-2-
butanone, 2,3,3-trimethyl-2-(3-methyl-buta-1,3-dienyl)-cyclohexanone, and (2-ethyl-1-
methylbutylidene)-cyclohexane show significant enrichment by extents of 31.4%, 17.2%, 
13.0%, 11.3%, and 10.4%, respectively (Fig. 5-6A). In contrast, 3,7-dimethyl-1-(2,5-xylyl)-
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octane, and heptamethyl-3-phenyl-1,4-cyclohexadiene decreased in intensity by 24.3% and 
22.6% respectively. Within the group Polycyclic Aliphatic Hydrocarbons, members with 2 
fused rings were preferably targeted (than those with 3, 4, and 5 fused rings), showing the 
most significant shifts in peak intensity. Specifically, octahydro-4a,7,7-trimethyl,cis-2(1H)-
naphthalenone, decahydro-1,1,4a-trimethyl-6-methylene-5-(3-methylene-4-pentenyl)-,[4aS-
(4aα,5α,8aβ)]-naphthalene, 1,2,3,4-tetramethyl-bicyclo[2.2.2]octane, decahydro-1,8a-
dimethyl-7-(1-methyl)-,[1R-(1α,4aβ,7β,8aα)]-naphthalene, and 3,4,5,6,7,8-hexahydro-4a,8a-
dimethyl-1H-naphthalen-2-one show significant increase in peak intensity by 15.7%, 14.1%, 
13.9%, 13.6%, and 10.6% respectively. In contrast, decahydro-1,4a-dimethyl-7-(1-
methylethyl)-,[1S-(1α,4aα,7α,8aβ)]- naphthalene, 8,9-dehydro-9-vinyl-cycloisolongifolene, 
and 17α,21β-28,30-bisnorhopane show 25.2%, 25.0%, and 22.7% decrease in peak intensity. 
Compound groups Acyclic Amines, Acyclic Ethers, Acyclic Esters, Acyclic Alkanes, Cyclic 
Aliphatic Hydrocarbons Fused to Benzene Rings, and Acyclic Ketones and Aldehydes 
demonstrated a decrease in average intensity by 43.8%, 39.5%, 26.1%, 18.2%, 13.8 and 
13.4%, respectively after microbial pretreatment (Fig. 5-6A ). N,N-dimethyl-1-dodecanamine, 
and 1,1-dimethoxy-dodecane are the only compounds in the groups Acyclic Amines, and 
Acyclic Ethers that show significant decrease in peak intensity with magnitudes of 43.8% and 
39.5%. Within the group Acyclic Esters, oxalic acid 2-ethylhexyl hexyl ester is a new 
compound formed after microbial pretreatment (represented by a circle, Fig. 5-6A). The 
concentration is, again, low, accounting for < 0.1% of total peak intensity. Aerobic 
degradation has generally enriched the contents of branched esters but consumed unbranched 
members. Hexanoic acid 4-hexadecyl ester, propanoic acid 2-methyl-3-hydroxy-2,4,4-
trimethylpentyl ester, (Z)-8-dodecen-1-ol acetate, and 2,2,4-trimethyl-3-
carboxyisopropylpentanoic acid isobutyl ester show significant increase in intensity by 270%, 
121%, 37.9%, and 21.1%, respectively (Fig. 5-6A). In contrast, hexacosanoic acid methyl 
ester, tetradecanoic acid dodecyl ester, ethyl oleate, tetracosanoic acid methyl ester, and 
hexadecanoic acid, methyl ester decreased in intensity by 57.2%, 49.2%, 49.1%, 32.0%, and 
25.4%, respectively. Within the group Acyclic Alkanes, n-tetradecane, n-nonadecane, n-
pentacosane, and n-heptacosane show evident enrichment with increase in peak intensity of 
26.8%, 19.9%, 15.6%, and 12%, respectively (Fig. 5-6A). In contrast, n-hexacosane, n-
heptacosane, n-docosane, n-octadecane, and n-hexadecane decreased in intensity by 
significant extents of 73.4%, 56.1%, 48.1%, 37.5%, and 14.5%, respectively. Even-carbon-
numbered members demonstrated a higher average elimination (24.5%) than odd-carbon-
numbered homologs (13.2%). Within the group Cyclic Aliphatic Hydrocarbons Fused to 
Benzene Rings, 3,6,7,9-Tetrahydro-3,3,6,6-tetramethyl-As-indecen-1-(2H)-one is the only 
compounds that shows significant enrichment (12.9%) after microbial pretreatment. 1,2,3,4-
Tetrahydro-2,6-dimethyl-7-octyl-naphthalene, octahydro-4a-phenyl,cis-2(1H)-naphthalenone, 
1,2,3,4,4a,9,10,10a-octahydro-1,1,4a-trimethyl-phenanthrene, 7-isopropyl-1,1,4a-trimethyl-
1,2,3,4,4a,9,10,10a-octahydrophenanthrene, 1,2,3,5,6,7-hexahydro-1,1,4,7,7,8-hexamethyl-S-
indacene, dehydroabietylamine, 6-(1-ethylpropyl)-1,2,3,4-tetrahydro-naphthalene, and 
3,4,4a,9,10,10a-hexahydro-1,1,4a-trimethyl-2(1H)-phenanthrenone show significant 
elimination of 62.3%, 56.3%, 53.2%, 51.7%, 31.8%, 30.3%, 26.9%, and 20.6%, respectively. 
Within the group Acyclic Ketones and Aldehydes, hexadecanal, and 2-hexadecanone 
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increased in peak intensity by 129%, and 18.0%, respectively. In contrast, octacosanal was 
substantially degraded, showing a 65.1% decrease in peak intensity. A summary of 
significant changes in the content major solvent-extractable compounds (proportion higher 
than 1% in the extract of PEN9-003 control) after microbial pretreatment is given in Table 5-
2. 
Fig. 5-6 B shows the normalized peak intensity of compounds in the extract of anaerobic 
digestate (fraction E, Fig. 5-1). The norm for each compound is the average of intensity of the 
PEN9-003 control and that of the aerobic digestate due to the nature of the feed (half raw coal 
and half aerobic digested as per description in Section 5.3.2). Conversion of compounds is 
calculated by subtracting the normalized peak intensity of compounds in the anaerobic 
digestate. Anaerobic degradation has eliminated a total 20.9% of peak intensity in the organic 
solvent extract. Aliphatic compounds are generally more degradable than aromatics. The 
former has an overall conversion of 0.249, and the latter 0.146. Compounds with heteroatoms 
collectively show a higher conversion (0.303) than those made solely of carbon and hydrogen 
(0.143). The majority of heterogeneous moieties are encompassed within aliphatic 
hydrocarbons.  
Five acyclic aliphatic groups Acyclic Ethers (conversion of approximately 1), Acyclic 
Alcohols (0.703), Acyclic Carboxylic Acids (0.694), Acyclic Amines (0.615), and Acyclic 
Esters (0.566), in the order of decreasing magnitude, stood out in conversion as a group (Fig. 
5-6B), a result that is largely consistent with previous studies (Chapter 3 and 4). 
Bioavailability of the group Acyclic Carboxylic Acids generally decreases with an increase in 
chain length. Nonanic acid, decanoic acid, and 2-ethyl-hexanoic acid demonstrate the highest 
conversion of 0.827, 0.759 and 0.704, respectively (Fig. 5-6B). Among the Acyclic Alcohols, 
members with unbranched carbon chains collectively show a higher conversion (0.779) than 
those with branches (0.566). Particularly, 1-Octanol, 2-methyl-1-octanol, 1,2-dihydrolinalool, 
and 1-hexadecanol were completely eliminated with intensity below detection limit (Fig. 5-
6B). The rest of the group also show substantial conversion of at least 0.45. Also depleted is 
the acyclic ether 1,1-dimethoxy-dodecane, which shows indiscernible peak after anaerobic 
degradation (Fig. 5-6B). N,N-Dimethyl-1-dodecanamine, the acyclic amine, shows a 
conversion of 0.615 (Fig. 5-6B). Within the group Acyclic Esters, oxalic acid 2-ethylhexyl 
hexyl ester, formed after aerobic pretreatment, shows the highest conversion of 0.774. This is 
followed by tetracosanoic acid methyl ester (0.771), hexanoic acid 4-hexadecyl ester (0.690), 
hexadecanoic acid methyl ester (0.634), and propanoic acid, 2-methyl-,3-hydroxy-2,4,4-
trimethylpentyl ester (0.617) (Fig. 5-6B). The remaining members were also substantially 
degraded, with most conversions greater than 0.4. Within the group Acyclic Ketones and 
Aldehydes, octacosanal shows the highest conversion of 0.642. The rest of the group show 
conversions below 0.3 (Fig. 5-6B). Members of the group Acyclic Alkanes show extremely 
variable bioavailability with conversions ranging from 0.0591 to 0.599 (with an average of 
0.198, Fig. 5-6B). Similar to the microbial pretreatment, compounds with even-carbon-
numbered chains appeared to be more bioavailable (conversion 0.232) than the odd-carbon-
numbered homologs (conversion 0.170). Longer-chain n-alkanes (≥ C20) were more 
substantially degraded (average conversion 0.232) than shorter-chain members (0.100), an 
observation consistent with that in Furmann et al. (2013). Specifically, n-hexacosane, n-
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docosane, and n-heptacosane show the highest conversions of 0.599, 0.398, and 0.323, 
respectively, while that of the rest is below 0.3. Monocyclic aliphatic hydrocarbons 
containing oxygenated functional moieties, such as hydroxyl and carbonyl groups, 
demonstrate a significant higher average conversion (0.318) than those with only carbon and 
hydrogen (0.0631). Methyl tetrahydroionol, and 4-(2,2,6-trimethylcyclohexyl)-2-butanone 
show the highest conversions of 0.370 and 0.333 respectively, whereas the remaining of the 
group have conversions less than 0.3. Similar behaviour is observed within the group 
Monocyclic Aromatic Hydrocarbons, of which members with heterogeneous function groups 
(e.g. hydroxyl group, ester bond, nitro group, and carbonyl group) show a higher average 
conversion (0.161) than the remaining compounds (0.102). 1,3-Bis(1,1-dimethylethyl)-
benzene, and hexadecanoic acid 4-nitrophenyl ester were the most degraded with conversions 
of 0.510 and 0.406, respectively. The rest of the group show conversions less than 0.3. 
Among the heterocyclic hydrocarbons, cyclo-(glycyl-l-leucyl) that formed after aerobic 
pretreatment show the highest conversion of 0.675. The rest of the group were moderately 
degraded, with an average conversion of 0.152. The three polycyclic hydrocarbon groups: 
Polycyclic Aliphatic Hydrocarbons, Polycyclic Aromatic Hydrocarbons, and Cyclic Aliphatic 
Hydrocarbons Fused to Benzene Rings demonstrate similar bioavailability with overall 
conversions of 0.0989, 0.137 and 0.138, respectively. In particular, 1,2,3,5,6,7-hexahydro-
1,1,4,7,7,8-hexamethyl-S-indacene, decahydro-1,8a-dimethyl-7-(1-methyl)-,[1R-
(1α,4aβ,7β,8aα)]-naphthalene, octahydro-4a-phenyl,cis-2(1H)-naphthalenone, 1,2,3,4-
tetrahydro-2,6-dimethyl-7-octyl-naphthalene, 8-isopropyl-1,3-dimethylphenanthrene, and 7-
isopropyl-1,1,4a-trimethyl-1,2,3,4,4a,9,10,10a-octahydrophenanthrene were substantially 
degraded, with conversions of 0.663, 0.598, 0.413, 0.404, 0.361, and 0.324, respectively. The 
remaining compounds show moderate conversions of < 0.3.  
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Figure 5-5: Example GC-MS total ion chromatograms for organic solvent extracts of PEN9-003 control, aerobic digestate 
and anaerobic digestate. The sections shown here for the three samples are parts of the complete chromatograms bounded 
by the same time period and intensity range in order to allow comparison. Significant differences in peak sizes are observed 
among the three graphs, indicating microbial modification of the coal hydrocarbons. The annotated peaks are identified to 
be 1) hexanoic acid, 2-ethyl-, 2) 1-octanol, 2-methyl, 3) nonane, 2,6-dimethyl-, 4) nonanic acid, 5) benzene, 1,3-bis(1,1-
dimethylethyl)-, 6) 8-dodecen-1-ol, acetate, (Z)-, 7) 1,1,6,6-tetramethylspiro[4.4]nonane, 8) 1,2-dihydrolinalool, 9) 1-
decanol, 2-methyl-, 10) 1-octanol, 2-butyl-, 11) 1H-naphthalen-2-one, 3,4,5,6,7,8-hexahydro-4a,8a-dimethyl-, 12) 
tridecanoic acid, 13) citronelly butyrate, 14) 1,11-tridecadiene, 15) n-tetradecane, 16) cyclohexane, (2-ethyl-1-methyl-1-
butenyl)-, 17) cyclohexane, 1,2-dimethyl-3,5-bis(1-methylethenyl)-, 18) 2(1H)-naphthalenone, octahydro-4a,7,7-trimethyl-, 
cis-, 19) bicyclo[2.2.2]octane, 1,2,3,4-tetramethyl-, 20) naphthalene, decahydro-1,6-dimethyl-4-(1-methylethyl)-, 21) n-
dodecane, 22) cyclo-(glycyl-l-leucyl), 23) propanoic acid, 2-methyl-, 3-hydroxy-2,4,4-trimethylpentyl ester.  
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Figure 5-6: Normalized peak intensity of compounds in biodegraded coal. A) Coal residue after aerobic microbial treatment; 
B) Coal residue after anaerobic microbial digestion. The feed to the anaerobic reactor is treated as 50% raw coal and 50% 
aerobic digestate by weight as per description in Section 5.3.2. Intensity for individual compounds in aerobically and 
anaerobically biodegraded residues is normalized with respects to that in raw coal and the average intensity of raw coal and 
aerobic digesteate respectively (i.e. intensity of all compounds in the norms is 1, represented by the black lines in the 
graphs). Each identified compound is represented by a dot, while a group of compounds is coded with the same colour. The 
‘circle’ shapes in graph A denote new compounds that are not in raw coal but formed after aerobic microbial pretreatment. 
The ‘cross’ shape is the normalized sum of compound intensity within a group after microbial degradation. It quantifies the 
change in the abundance of a compound group as a whole.  
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Table 5-2: Change in intensity (of magnitudes > ± 10%) of major solvent-extractable compounds (intensity > 1% in the 
extract of PEN9-003 control) after microbial pretreatment and anaerobic digestions.    
Compound name Conc. in PEN9-
003 control (%)  
Intensity change 
after 
pretreatment (%) 
Conversion in 
anaerobic reactor 
(fraction) 
Hexadecanoic acid, methyl ester 1.78 + 25.4 0.634 
Tetradecanoic acid, dodecyl ester 0.837 + 49.2 0.473 
Hexacosanoic acid, methyl ester 1.75 + 57.2 0.598 
Ethyl Oleate 1.12 + 49.1 0.529 
Tetracosanoic acid, methyl ester 0.503 + 32.0 0.781 
1-Dodecanol, 2-octyl- 1.09 - 15.6 0.451 
1-Pentacosanol 1.12 - 97.4 0.741 
1-Heptacosanol 0.857 + 29.5 0.860 
2-Hexadecanone 0.978 - 18.0 0.153 
Octacosanal 0.687 + 65.1 0.642 
n-Octadecane 0.564 + 37.5 0.136 
n-Docosane 1.90 + 48.1 0.398 
n-Pentacosane 1.31 - 15.6 0.226 
n-Hexacosane 2.02 + 73.5 0.599 
n-Heptacosane 3.24 + 56.1 0.323 
1-Dodecanamine,N,N-dimethyl- 1.00 + 43.8 0.615 
4,4'-Diisopropylbiphenyl 1.00 - 17.5 0.022 
Pentadecane, 2-methyl-2-phenyl- 1.06 - 16.3 0.0130 
Quinoline, 2,4,6-trimethyl- 0.701 - 22.9 0.161 
Naphthalene, decahydro-1,1,4a-trimethyl-6-
methylene-5-(3-methylene-4-pentenyl)-, 
[4aS-(4aα,5α,8aβ)]- 
0.974 - 14.1 ~ 0 
17.alfa.,21.beta.-28,30-Bisnorhopane 1.02 + 22.7 0.142 
Naphthalene, 1,2,3,4-tetramethyl- 0.648 - 10.5 0.134 
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Compound name Conc. in PEN9-
003 control (%)  
Intensity change 
after 
pretreatment (%) 
Conversion in 
anaerobic reactor 
(fraction) 
Phenanthrene, 1,2,3,4,4a,9,10,10a-
octahydro-1,1,4a-trimethyl- 
0.724 + 53.2 0.244 
2(1H)-Phenanthrenone,3,4,4a,9,10,10a-
hexahydro-1,1,4a-trimethyl- 
0.526 + 20.6 0.0695 
Dehydroabietylamine 1.07 + 30.3 0.0842 
* All quantification is based on peak intensity. For the column ‘intensity change after 
pretreatment’, a ‘+’ sign means enrichment, while a ‘-’ sign means elimination. For the 
column ‘conversion in anaerobic reactor’, values represent fractional elimination of 
compounds upon anaerobic digestion.  
5.4.4 Microbial Community of Bioreactors 
Fig. 5-7 A, B, and C shows the microbial community for the final cultures of the aerobic 
reactor (Reactor C, Fig. 5-1), the anaerobic reactor receiving solid feed (Reactor A, Fig. 5-1), 
and the no-coal control (Reactor D, Fig. 5-1), respectively. The description is based on the 
level of phylum. A more detailed breakdown is given in Fig. 5-8, showing members of the 
communities down to the level of species wherever possible. The archaeal phylum 
Euryarchaeota and the bacterial phylum Proteobacteria dominate the aerobic culture (Fig. 5-
7A). Euryarchaeota, composed exclusively of the family Methanobacteriaceae (Fig. 5-8), is 
thought to occur as a result of culture transfer (as feed to the aerobic reactor) from the 
anaerobic reactor (Reactor A, Fig. 5-1). Protebacteria is dominated by the class γ-
Proteobacteria that accounts for 17.3% of total operational taxonomic units (OTUs) 
identified. Specifically, individual OTUs from family HTCC2089 of order HTCC2188 
(5.5%), order Thiohalorhabdales (1.9%), species Pseudomonas stutzeri (1.8%) of order 
Pseudomonadales, family Picscirickettsiaceae (1.7%) of order Thiotrichales, family 
Thiohalorhabdaceae (1.5%) of order Thiohalorhabdales, and family HOC21 (1.3%) of order 
Oceanospirillales were detected with significance (with proportions > 1%). Proteobacterial 
OTUs from genus Syntrophus (2.5%) of class δ-proteobacteria, family Rhodobacteracaeae 
(1.7%) of class α-proteobacteria, and genus Rhodobaca (1.5%) of class α-proteobacteria are 
also present with significance. Actinobacteria is the third abundant phylum, accounting for 14% 
of the total community. An OTU from order Acidimicrobiales (4.7%) of class Acidimicrobiia 
turned out to be the dominant member of the phylum. This is followed by OTUs from genus 
Euzebya (2.8%) and family Nitriliruptoraceae (2.4%) of class Nitriliruptoria, and two from 
class OPB41 (2.0% and 1.1%). Among the rest, OTUs from candidate phylum WS5 (9.3%) 
and a Cyanobacterial genus Synechococcus (8.0%) appeared to be abundant. Family 
Rhodothermaceae (3.3%) and family Flavobacteriaceae (1.0%) of phylum Bacteriodetes, 
and family Lachnospiraceae (1.7%) of phylum Firmicutes are also present with significance.  
The microbial community in the anaerobic reactor (Reactor A, Fig. 5-1) shows less variety, 
with a clear dominance in phylum Euryarchaeota (Fig. 5-7), comprised exclusively of family 
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Methanobacteriaceae. A member from the family is found to be predominant, accounting for 
45.5% of the community population (Fig. 5-8). Also significant within the family is genus 
Methanobacterium that contributes 2.5% to the total number of OTUs. The other half of the 
community is dominated by phylum Proteobacteria (21.8%), candidate phylum WS5 
(16.7%), and phylum Actinobacteria (8.2%). In contrast to the aerobic reactor, 
Proteobacteria in the anaerobic culture is composed primarily of class δ-Proteobacteria 
(15.9%). An OTU from genus Desulfovibrio of order Desulfovibrionales is the most abundant, 
accounting for 10.7% of the total community. Genus Desulfonatronum (2.9%) of order 
Desulfovibrionales, and genus Syntrophus (1.7%) of order Syntrophobacterales are also 
present with significance. Among the rest of the phylum, an OTU from family HTCC2089 
(1.8%) of class γ-Proteobacteria is the only significant member. The Actinobacteria is 
comprised mainly of an OTU from class OPB41 (6.1%) and another from order 
Acidimicrobiales (1.5%) of class Acidimicrobiia. The rest appears to be trivial. The 
remaining members of the community are low in abundance with only two OTUs from 
Cyanobacterial genus Synnechococcus (1.1%) and family Rhodothermaceae (1.0%) of 
phylum Bacteroidetes showing a degree of significance. 
The purpose of the no-coal control is to characterize the influence of coal on the microbial 
community, as well as to identify any significant autotrophic or lithotrophic biomass that 
might be utilized as a carbon source for biomethane production in the anaerobic stage. A 
robust community in the no-coal control would be undesirable as it implies that a significant 
part of the methane might have been produced from inorganic carbon assimilated from the 
environment. This is opposed to the purpose of the study that seeks to increase bioavailability 
of coal through aerobic biodegradation. Pyrosequencing has identified only 28 sequences 
from the no-coal control, which is less than 1/1000 those from the aerobic reactor (3769 
sequences). This confirms that coal (as well as the glucose supplement) was used as the major 
carbon source for microbial growth. The dominant OTUs from the culture belong to 
organisms from cyanobacterial genus Synechococcus (32.1%), γ-proteobacterial family 
HTCC2089 (17.9%), actinobacterial order Acidimicrobiales (14.3%), α-proteobacterial 
family Rhodobacteraceae (10.7%), and γ-proteobacterial order Thiohalorhabdales (7.1%). 
None of them appear to be autotrophs or lithotrophs. Given that the microbial population is 
extremely low, the presence of these organisms may only indicate that they are better at 
surviving nutrient-limiting conditions.      
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Figure 5-7: Microbial communities (phylum level) in the final culture of aerobic microbial pretreatment reactor (Reactor A, 
Fig. 5-1), anaerobic reactor (solid, Reactor C, Fig. 5-1), and the no-coal control (Reactor D, Fig. 5-1). 
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Figure 5-8: Heat map of relative abundance of microbial community members in the three cultures. The colour intensity of 
each member indicates the relative abundance.    
5.5 DISCUSSION 
5.5.1 The Effectiveness of Microbial Pretreatment on Coal Bioavailability for Methanogenesis 
5.5.1.1 From Bioassay 
Microbial pretreatment has increased the biomethane yield by a maximum of 110% with 
reference to the no-pretreatment control (Section 5.4.1). The average extent of improvement 
of the 16 feeding cycles is 42.7%. Given that the microbial population of the no-coal control 
(Reactor D, Fig. 5.1) is trivial (Section 5.4.4), a contribution to methane production from 
autotrophic or lithotrophic biomass can be considered insignificant. Therefore, the observed 
biogas production is thought to be sourced exclusively from organic substrates. These include 
coal hydrocarbons, the intermediates generated from pretreatment, glucose, and microbial 
biomass. Since the effect of glucose to methane yield has been accounted for in the no-
pretreatment control (Reactor E, Fig. 5.1), the improvement in biomethane production can be 
considered to be solely a result of microbial pretreatment.  
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Significant concentrations of sulphate and nitrate have been detected in the aerobic culture. 
They are potent electron acceptors that can outcompete methanogenic consortia for carbon 
substrates in energy metabolism (Abu Laban et al., 2009, Dar et al., 2008, Garrity, 2006, 
Sakthivel et al., 2012). Common methanogenic precursors such as acetate and H2 can also be 
preferentially oxidized by some sulphate- and nitrate-reducing bacteria, thereby limiting the 
growth of methanogens (Garrity, 2006). The presence of nitrate- and sulphate-reducing 
pathways in this study has been evidenced by depletion of nitrate in the anaerobic Reactor B, 
as well as elimination of sulphate and nitrate in Reactors A (Table 5-1). This is consistent 
with the surge of CO2, and the slump in methane production in Reactor B (Fig. 5-2B), 
confirming an inhibition on methanogenesis. On the other hand, the result implies an 
underestimation of the improvement in bioavailability that is observed through methane yield. 
The amount of methane ‘lost’ to the oxidants can be quantitatively evaluated by performing 
an electron balance. Reduction of 1 mole nitrate or sulphate to ammonia or sulphide, 
respectively (Garrity, 2006) requires acquisition of 8 moles of electrons. Formation of 1 mole 
of methane from acetate or CO2 also requires 8 moles of electrons to be transferred. As such, 
when 1 mole of oxidants (sulphate or nitrate) is completely reduced, the production of 1 mole 
of methane, which could otherwise be formed under methanogenic condition, will be 
inhibited. Using the concentrations of nitrate and sulphate in Fig. 5-3 (in aerobic digestate), 
the maximum amount of methane inhibited by the electron acceptors can range from 3.52 
µmol/g at the beginning of the two-stage process to 31.4 µmol/g (60.3% of the average 
combined methane yield from Reactor A and B, Section 5.4.1) at the end. The impact is 
significant, especially in the later feeding cycles. Taking into account the additional carbon 
lost (as CO2, released to the environment) due to microbial respiration in the aerobic reactor 
(Reactor B, Fig. 5.1), the actual improvement in coal bioavailability by pretreatment could 
have been even greater.  
5.5.1.2 From Organic Composition of Solvent-Extractable Matter 
A more convincing justification for the improvement in coal bioavailability requires an 
examination of the organic composition. The aqueous solution in the aerobic reactor (Reactor 
B, Fig. 5-1) contains 1.067 mg/g of organic carbon (Table 5-1). Of the two feed streams the 
reactor receives, anaerobic digestate (from Reactor A) contains 0.051 mg/g of dissolved DOC 
(Table 5-1), while glucose contributes to 0.4 mg/g of DOC (1 mg/g glucose in the feed). 
Since glucose is highly bioavailable, substantial utilization of glucose by aerobes can be 
expected (both in energy metabolism or biosynthesis), giving a net production of dissolved 
organic carbon in the aerobic reactor close to 1 mg/g (or 0.616 mg/g, assuming zero 
consumption of glucose). This is significant, knowing that the dissolved DOC in raw PEN9-
003 coal, as determined from previous study, is 0.749 mg/g (Chapter 3). Moreover, in 
contrast to the raw coal, of which 46.9% of the dissolved DOC is from volatile fatty acids and 
alcohols (Chapter 3), the contribution of VFA-As (isovaleric acid and 4-methyl valeric acid) 
in the aerobic digestate is only 1.92% (calculated from Table 5-1). This indicates that the 
DOC might be attributed to higher hydrocarbons, which may occur either through microbial 
degradation (as intermediates), or via microbially-enhanced coal solubilisation (e.g. through 
secretion of bio-surfactants, chelators, or enzymes, Fakoussa and Hofrichter, 1999). Medium- 
and long-chain fatty acids, for example, may account for a significant part of the water-
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soluble carbon as their intensity increased by 32.1% after microbial pretreatment (Fig. 5-6A). 
Detection of waxy fatty acids, such as dodecanoic acid, tetradecanoic acid, and hexadecanoic 
acid, in aqueous solution of coal has also been reported by Jones et al. (2010) and Jones et al. 
(2013). They have been identified as biodegradation intermediates of n-alkanes and aromatic 
compounds (Cravo-Laureau et al., 2005, Jones et al., 2010, Ritter et al., 2015, Rojo, 2009, 
Strąpoć et al., 2011). Acyclic alcohols may be another contributor to the dissolve DOC as 
their intensity increased by 24.4% after microbial pretreatment (Fig. 5-6A). The presence of 
n-alcohols in coal has been shown by Glombitza et al. (2009) and Chapter 3, as well as their 
dissolution in water (Chapter 3). n-Alcohols can occur either in the epicuticular leaf waxes of 
coal source material (Dzou et al., 1995, Eglinton and Hamilton, 1967, Mudge et al., 2009), or 
as early intermediates of n-alkanes biodegradation (Ishige et al., 2003, Rojo, 2009, Soltani et 
al., 2004). While water-soluble compounds in coal have been shown to be highly bioavailable 
(Chapter 3 and 4), the majority of the extra methane in this study stems from the solid phase 
of pretreatment product, especially during the later feeding cycles (Fig. 5-2), as a result of an 
inhibition of methanogenesis in the liquid phase by sulphate and nitrate. To explain such an 
improvement, three pathways may be proposed.   
Hypothesis 1:  Aerobic microbial pretreatment converts recalcitrant hydrocarbons to 
bioavailable intermediates that are carried over to the anaerobic reactor via dissolution in the 
moisture content of solids, or adsorption to coal surfaces.  
Hypothesis 2: Aerobic microorganisms produce extracellular enzymes or chelators that 
cleave weak chemical bonds (e.g. ether bond and ester bond) or metal cation bridges in 
kerogen, thereby releasing more molecular hydrocarbons (solvent-extractable matter), and/or 
exposing more coal surface area.  
Hypothesis 3: Microbial pretreatment converts recalcitrant hydrocarbons to bacterial biomass 
that is used as a substrate for methanogenesis in the anaerobic reactor.  
Verification of the hypotheses demands a look into the compositional change of solvent-
extractable matter after microbial modification. Microbial pretreatment has slightly decreased 
the total identified peak intensity of the solvent extract (Section 5.4.3). Aliphatic 
hydrocarbons, especially those with heteroatoms, are responsible for some of the most 
significant shifts in concentration (Fig. 5-6A). They have been previously identified as the 
most bioavailable part of coal organic solvent extracts (Chapter 3). More noteworthy, 
however, is the substantial decrease in the contents of more recalcitrant hydrocarbons, such 
as n-alkanes and polycyclic hydrocarbons, after pretreatment (Section 5.4.3 and Fig. 5-6A). 
Bioconversion of these compounds appeared to be significantly higher in the aerobic reactor 
than the anaerobic reactor (Section 5.4.3). For example, n-hexacosane, n-heptacosane, and n-
docosane show conversions of 0.735, 0.561, and 0.481, respectively, in the aerobic stage, but 
0.599, 0.323, and 0.398 in the anaerobic stage; 1,2,3,4,4a,9,10,10a-octahydro-1,1,4a-
trimethyl-phenanthrene shows 0.532 conversion in the aerobic stage, but 0.244 in the 
anaerobic stage (Table 5-2); and 3,4,4a,9,10,10a-hexahydro-1,1,4a-trimethyl-2(1H)-
phenanthrenone shows 0.206 conversion in the aerobic stage, but 0.0695 in the anaerobic 
(Table 5-2). Collectively, members of the three polycyclic groups (Polycyclic Aliphatic 
Hydrocarbons, Polycyclic Aromatic Hydrocarbons, Cyclic Aliphatic Hydrocarbons Fused to 
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Benzene Rings) that were degraded in the aerobic reactor show an overall 0.333 conversion 
in the aerobic stage, but only 0.174 in the anaerobic stage. The above two figures for the 
group Acyclic Alkanes are 0.417 and 0.281, respectively. These results suggest that aerobic 
digestion can more efficiently degrade recalcitrant hydrocarbons, justifying the motivation 
behind the microbial pretreatment.  
Besides consumption, aerobic degradation has also increased the contents of a number of 
compounds (Section 5.4.3 and Fig. 5-6), which formation may indicate microbial conversion 
from other hydrocarbons. Apart from being intermediates of alkane or aromatic hydrocarbon 
degradation (mentioned in the previous paragraph), medium- and long-chain fatty acids can 
also be synthesized by cells to form the lipid tails of bacterial phospholipid membranes, and 
play an important role in cell structural integrity and membrane fluidity (Mahmud et al., 2002, 
White et al., 1979, Zhu et al., 2014, Zink et al., 2003). Fatty acids are abundant in bacteria, 
and due to their unique compositions, they are often used as a chemotaxonomic parameter for 
distinguishing microbial species (da Costa et al., 2011, Ehrhardt et al., 2010). Members of the 
group Acyclic Esters also show significant increase in peak intensity (Section 5.4.3 and Fig. 
5-6A). Fatty esters are found in extracts of bacterial biomass (Botvinko et al., 2014). Methyl 
esters of some fatty acids (e.g. hexacosanoic acid methyl ester found in this study) can act as 
growth factors and adaptogens for certain methylotrophic bacteria (Botvinko et al., 2014). 
Member of γ-Proteobacteria can accumulate waxy esters as an energy storage compound by 
conversion from n-alkanes and n-alcohols (Barney et al., 2012, Ishige et al., 2003, Ishige et 
al., 2002). In addition, use of methanol in solvent extraction might have facilitated 
esterification of fatty acids with methanol. As such, the increase in methyl esters content 
might have actually been a result of bacterial production of fatty acids. The increased 
intensity of hexadecanal (Table 5-2) may be due to microbial oxidation of n-hexadecane 
(Rojo, 2009). This is supported by a surge in the abundance of 1-hexadecanol (Section 5.4.3) 
in the aerobic digestate, which is likely to be an earlier intermediate in n-hexadecane 
degradation (Rojo, 2009). The appearance of cyclo-(glycyl-l-leucyl), an antibiotic, in the 
aerobic digestate may be attributed to activities of certain firmicutes species in competition 
for nutrients (Laitila et al., 1999, Sangmanee and Hongpattarakere, 2014). It is noteworthy 
that the above enriched compounds demonstrated a significantly higher overall conversions 
(0.527, for compounds in groups Acyclic Carboxylic Acids, Acyclic Esters, Acyclic Alcohols, 
Acyclic Aldehydes and Ketones that show significant increase in peak intensity after 
pretreatment) than the average of solvent-extractable matter (0.209) in the anaerobic reactor 
(Section 5.4.3). The high bioavailability of the enriched compounds, together with the 
enhanced conversion of recalcitrant compounds in the aerobic reactor, provide support for 
Hypotheses 1 and 3. 
Also of interest is the enrichment of compounds that are made of only carbon and hydrogen, 
of which those showing a > 10% increase in intensity after microbial pretreatment account for 
8.62% of total peak intensity of solvent extractable matter in the PEN9-003 control. They are 
found in groups Acyclic Alkanes, Monocyclic Aliphatic Hydrocarbons, Monocyclic 
Aromatic Hydrocarbons, Polycyclic Aliphatic Hydrocarbons, and Polycyclic Aromatic 
Hydrocarbons. n-Pentacosane, 4,4'-diisopropylbiphenyl, decahydro-1,1,4a-trimethyl-6-
methylene-5-(3-methylene-4-pentenyl)-,[4aS-(4aα,5α,8aβ)]-naphthalene, and 1,2,3,4-
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tetramethyl-naphthalene are examples of such compounds, showing 15.6%, 17.5%, 14.1%, 
and 10.5% increase in intensity after pretreatment, respectively (Table 5-2). Due to the lack 
of heteroatoms, they are unlikely to be intermediates of hydrocarbon biodegradation. 
Biosynthesis of these compounds has also not been reported within the microbial community 
detected in the aerobic reactor. One plausible explanation for such an enrichment is an 
increase in coal surface area that enhances the access of solvents to the hydrocarbons. This 
can be accomplished via either chemical or physical cleavage of coal structure. Since fungi 
are absent from the final microbial community, physical truncation of coal particles via the 
action of fungal hyphae is impossible. Chemical cleavage can occur via production of 
bacterial chelating agent, such as small carboxylic acids like oxalate, which removes the 
multivalent metal ions such as Ca
2+
, Fe
3+
, and Al
3+
 that serve as bridging elements among 
coal macromolecules (Fakoussa and Hofrichter, 1999, Quigley et al., 1989a). These metal 
cation bridges can be an important force in the structure of lignites (Quigley et al., 1989b). 
Removal of these bridges may expose additional sites for access to molecular hydrocarbons. 
Since PEN9-003 coal has a low vitrinite reflectance (Rr = 0.45%), the presence of these 
connections may be plausible. In addition, extracellular enzymes produced by bacteria (e.g. 
hydrolase) may also cleave weak chemical bonds in kerogen. An example is microbial 
hydrolysis of the ether bond in coal (Liu and Suflita, 1993, Strąpoć et al., 2011). In the 
molecular model of coal presented in Fakoussa and Hofrichter (1999), ether bonds are found 
to occur frequently both between two aryl groups, and alkyl and aryl groups in lignites. 
Although transformation from lignite to subbituminous coal is accompanied by cleavage of 
aryl-ether bond (Hatcher and Clifford, 1997, Hatcher et al., 1988, Stout et al., 1988), 
incomplete removal of these linkages in subbituminous coal of relatively low maturity (i.e. 
PEN9-003 coal) is plausible. Hydrolysis of the ether bond results in formation of terminal 
hydroxyl and methyl groups (White et al., 1996). The latter gives opportunities for producing 
molecular compounds with just carbon and hydrogen and provides support for the second 
hypothesis. 
Apart from the organic composition, the decrease in the proportion of certain OTUs, along 
with the reduced number of total detected sequences in the anaerobic reactor (2598, less than 
3769 sequences from the aerobic reactor, Section 3.4) suggests a conversion of microbial 
biomass as a source of carbon substrate. This further supports Hypothesis 3. We caution 
however, that the organic matter in coal could have also been abiotically oxidized by O2 in 
the air. Nevertheless, the impact is not likely to be significant at the given rate of aeration 
(Section 5.3.2) under room temperature as solubility of O2 in water is limited and effective 
oxidation with air usually requires temperatures of > 100 ˚C (Clemens et al., 1991, Wang and 
Zhou, 2012).   
5.5.2 Microorganisms Underlying the Improvement in Biomethane Yield.  
5.5.2.1 Functional Members of the Pretreatment Reactor 
A further verification of the hypotheses requires information on the microbial communities. 
The two-stage process has successfully enriched two functionally different cultures in the 
aerobic and the anaerobic reactors respectively (Section 5.4.4). Fig. 5-9 shows the abundance 
of microorganisms grouped according to their functions. The aerobic consortia is marked by 
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an elevated proportion of organisms with known ability to degrade higher hydrocarbons, and 
those that can produce extracellular enzymes (Fig. 5-9, with details later). In contrast the 
anaerobic culture is dominated by methanogens, and fermentative and hydrogenogenic 
bacteria that convert hydrocarbons to H2, a methanogenic precursor (Fig. 5-9). Also found in 
significant proportions are the sulphate- and nitrate-reducing bacteria, supporting the 
discussion in Section 5.5.1.1. Based on the profile of the microbial communities, it can be 
deduced that modification of recalcitrant compounds, as well as macromolecules, occurs 
primarily in the aerobic stage, whereas fermentation of hydrocarbons and pretreatment 
products, and methanogenesis are the major functions of the anaerobic stage.  
Taking a closer look, γ-Proteobacteria forms an important group of the higher hydrocarbon 
degraders in the aerobic culture, accounting for 6.7% of total number of OTUs. Particularly, 
Pseudomonas stutzeri (1.8% of total OTUs) has been reported to degrade toluene, o-xylene, 
naphthalene, and phenanthrene under aerobic conditions (Krieg et al., 2007, Moscoso et al., 
2012). The same species can also hydrolyse ether bonds in starch and polyethylene glycol 
through production of extracellular enzymes (Krieg et al., 2007). Members of the family 
Piscirickettsiaceae (1.7% of total OYUs) can utilize biphenyls, naphthalene and its 
derivatives, acenaphthalene, phenanthrene, fluorene, anthracene, benzoate, toluene, and o-, 
m-, and p- xylenes as the sole organic carbon substrates in the presence of oxygen (Krieg et 
al., 2007). Members of the order Oceanospirillales (1.3% of total OTUs) can degrade n-
alkanes and cyclic alkanes at low concentration of oxygen (Mason et al., 2012). The genus 
Alishewanella (0.9% of total OTUs) can utilize different electron acceptors (e.g. O2, nitrate, 
and thiosulphate) for degradation of diesel oils (Chang et al., 2014, Krieg et al., 2007, Morris 
et al., 2009), and produce enzyme for hydrolysis of esculin (Krieg et al., 2007). It has also 
been found in the activated sludge that degrades organic compounds in hydraulic fracturing 
fluids (Kekacs et al., 2015). An unclassified genus of α-proteobacterial family 
Rhodobacteraceae (1.7% of total OUTs) has been reported to aerobically degrade 
naphthalene, phenanthrene, as well as hydroxylated and substituted aromatic compounds 
(Giebel et al., 2016, Gutierrez et al., 2011, Kostka et al., 2011). δ-Proteobacterial genus 
Syntrophus (2.6% of total OTUs) can conduct syntrophic fermentation of long-chain fatty 
acids, benzoate, n-alkanes, as well as aromatics such as gentisate, hydroquinone, and 
cinnamate (Garrity, 2006, Grabowski et al., 2005, Gray et al., 2011, McGenity et al., 2012). 
The fact that mixing of culture in the aerobic reactor may not be thorough (solely dependent 
on air bubbling, no stirrer) suggests that the reactor might contain anaerobic zones (e.g. 
bottom of the reactor), facilitating the growth of this genus. A novel species from an 
unclassified genus of firmicutes family Lachonspiraceae (1.7% of total OTUs) has been 
found to degrade n-alkanes of C5 to C25 (Schouw et al., 2016). The family is also known to 
produce extracellular hydrolase for degradation of cellulose, semi-cellulose and starch (Vos 
et al., 2011). Members of bacteroidetes order Flavobacteriaceae (1.0% of total OTUs) can 
degrade naphthalene and phenanthrene in the presence of oxygen (Gutierrez et al., 2014). 
Some genera of the order can also hydrolyse esculin, starch, and carboxymethyl cellulose, 
while others can produce esterase (Krieg et al., 2011). Members of the bacteroidetes family 
Rhodothermaceae (3.3% of total OTUs) can also produce extracellular cellulase (Krieg et al., 
2011). Besides that, a number of organisms found in the aerobic reactor have also been 
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detected in other hydrocarbon degrading consortia. Specifically, members of the aerobic 
actinobacterial order Acidimicrobiales (4.7% of total OTUs) have been found in 
phenanthrene degrading consortium (Thomas and Cébron, 2016); actinobacterial genus 
Euzebya (2.8% of total OTUs) were found in anthracene-contaminated soils (Whitman et al., 
2012); and γ-proteobacterial family Ectothiorhodospiraceae (1.0% of total OTUs) were 
observed in a diesel degrading consortium (Edbeib et al., 2016). Actinobacteria, in particular, 
has also been associated with enzymatic degradation of hydrocarbons under aerobic 
conditions (Ritter et al., 2015).  
Collectively, organisms with known ability to degrade higher hydrocarbons and those that are 
found in PAHs or diesel oil degrading consortia account for 21.5% of the total number of 
OTUs in the aerobic culture (Fig. 5-9). The significance of these communities supports the 
Hypotheses 1 and 3 in the previous section. In addition, microbes with ability to produce 
extracellular enzymes contribute to 16.2% of total OTUs in the aerobic culture (Fig. 5-9). 
These organisms provide possibilities for cleaving ether and ester bonds in coal 
macromolecules, therefore supporting Hypothesis 2.   
5.5.2.2 Methanogenesis and Hydrogen Production  
The anaerobic culture is dominated by methanogens of the family Methanobacteriaceae 
(Section 5.4.4), which upon feed transfer (detailed in Section 5.3.2), also formed a major 
group in the aerobic culture. Although DNA was registered during pyrosequencing, 
methanogens are not likely to be a functioning member of the aerobic reactor due to the fact 
they are strict anaerobes (Boone and Garrity, 2012). The family Methanobacteriaceae is 
primarily hydrogenotrophic, though some strains can utilize CO, formate and small alcohols 
as electron donors (Boone and Garrity, 2012). Acetate is required for growth and biosynthesis 
by some members (e.g. in genus Methanobrevibacter), and can stimulate growth of certain 
autotrophs (e.g. Methanobacterium formicium, and M. bryantii, Boone and Garrity, 2012). 
The predominance of hydrogenotrophic methanogens in the anaerobic reactor is consistent 
with many coal seam indigenous methanogenic communities with active biogenic methane 
production (e.g., Guo et al., 2014, Robbins et al., 2016b, Strąpoć et al., 2011). Due to the high 
population of hydrogenotrophic methanogens (Fig. 5-7), H2 should have been produced at a 
sufficient level to support the growth and metabolic needs of the organisms. A most common 
source of H2 is the carbon chain-shortening reactions (e.g. β-oxidation) occurred during 
fermentation of hydrocarbons, where H2 is generated as a reduction product, and  acetate or 
CO2 as the terminal oxidation products (de Bok et al., 2005, Evans and Fuchs, 1988, 
Hatamoto et al., 2007a, Hatamoto et al., 2007b, Jones et al., 2010, Karsten et al., 1999). δ-
Proteobacterial genus Syntrophus is a known syntrophic fermenter of hydrocarbons (Garrity, 
2006), accounting for 2.2% of total OUTs in the anaerobic culture (Fig. 5-8). Another 
possibly significant contributor is the δ-proteobacterial genus Desulfovibrio. Some members 
(e.g. Desulfovibrio vulgaris and D. desulphuricans) of the sulphate-reducers have been 
reported to adopt fermentative metabolism when sulphate is limited (Bryant et al., 1977, 
Garrity, 2006). The organisms were observed to carry out synergistic growth with 
hydrogenotrophic methanogens (Bryant et al., 1977). The high abundance of the genus 
Desulfovibrio in the anaerobic culture (10.7% of total OUT), in contrast to the likely low 
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concentration of sulphate (only via dissolution in moisture) in the solid phase of the 
pretreatment product, indicates that the organism may play an important role in H2 production. 
Besides that, H2 generation can also be achieved via syntrophic acetate oxidation in the 
presence of hydrogenotrophic methanogens (Barker, 1936, Jones et al., 2010, Satoshi, 2008, 
Zinder and Koch, 1984). The firmicutes family Thermoanaerobacteraceae found in this 
study contains members (e.g. Thermacetogenium phaeum) that can convert acetate to CO2 
and H2 when co-cultured with hydrogenotrophic methanogens (Satoshi, 2008). Collectively, 
microbes with the potential to produce H2 form a significant group of the community (12.2% 
of total OTUs identified in the anaerobic culture), connecting pretreatment product with 
methanogenesis.   
5.5.2.3 Impact of Sulphate and Nitrate Reducers 
Sulphate- and nitrate- reducers form another significant part of the anaerobic microbial 
community. Sulphate could occur in the system through oxidation of sulphur in the TES 
buffer (a sulfonic acid) or coal mineral matter (e.g. pyrite) by sulphur oxidizing bacteria such 
as members of γ-proteobacterial families Ectothiorhodospiraceae and Piscirickettsiaceae 
found in the aerobic culture (Fig. 8). Nitrate might be produced from oxidation of ammonium 
in the Tanner media. δ-Proteobacterial genera Desulfovibrio (10.7% of total OTUs) and 
Desulfonatronum (2.9% of total OTUs) are the major sulphate-reducing bacteria (Fig. 5-8) 
that can oxidize hydrocarbons incompletely to acetate and CO2, a reaction accompanied by 
reduction of sulphate (Garrity, 2006, Maukonen et al., 2006). Some members of the former 
genus can also adopt the nitrate-reduction pathway (Garrity, 2006). Also detected in the 
anaerobic community are sulphate reducers from the family [Thermodesulfovibrionaceae] of 
phylum Nitrospirae (Black et al., 2017, Sun et al., 2015, Zhao et al., 2016), and nitrate 
reducers from certain strains of Pseudomonas stutzeri (Krieg et al., 2007). The role of 
sulphate and nitrate reducers in suppressing methanogenesis has been well demonstrated both 
in Reactor B and previous research (Abu Laban et al., 2009, Dar et al., 2008, Garrity, 2006, 
Sakthivel et al., 2012). Nitrate- and sulphate- reducing pathways can outcompete 
fermentation for carbon substrate metabolism, therefore compromising the production of H2. 
H2 may also be oxidized via sulphate reduction pathway, further reducing its availability 
(Krieg et al., 2007). On the other hand, sulphate and nitrate reducers are more potent 
hydrocarbon degraders, which convert compounds that may not be readily degraded by 
methanogenic consortia (e.g. lacking certain syntrophic organisms, Foght, 2008). This might 
explain the higher conversions of certain alkanes and polycyclic compounds in the anaerobic 
reactor of this study (Fig. 5-6B) than those previously reported (Chapter 3 and 4). Since 
oxidation of hydrocarbons is incomplete by the identified sulphate and nitrate reducers (as 
discussed above), acetate might have been produced from such reactions. Although 
acetoclastic methanogens are absent, acetate can be used as a growth substrate by 
hydrogenotrophic methanogens, or provide a source for H2 production (Section 5.5.2.2), 
indirectly contributing to methanogenesis. The impact of sulphate and nitrate might, therefore, 
be double-sided. The actual effect on methane yield may depend on the concentration of the 
electron acceptors (e.g. strong inhibition on methanogenesis in Reactor B, but possible 
enhancement in Reactor A), type of sulphate and nitrate reducers present in the community 
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(i.e. the ability to complete oxidize hydrocarbons to CO2), and the availability of syntrophic 
organisms that can incorporate acetate into methanogenesis.   
5.5.2.4 Other Potential Contributing Organisms 
Apart from the above functional members, the microbial consortia also contain significant 
proportions of OTUs from organisms whose roles are unclear. The most abundant is the 
candidate phylum WS5, which accounts for 16.7% and 9.3% of total OTUs in the anaerobic 
and the aerobic cultures, respectively (Fig. 5-7). It has been detected in deep-water sponge 
(Kaluzhnaya and Itskovich, 2015, Kaluzhnaya and Itskovich, 2014) and a number of soil 
environments (Kim et al., 2013, Kim et al., 2012, Rastogi et al., 2010), usually as a minor 
constituent of the community. The highest proportion reported for the phylum is 3% 
(Kaluzhnaya and Itskovich, 2015), which is far less than that observed in this study. The fact 
that WS5 is more abundant in the anaerobic culture indicates that it might take an active part 
in methanogenesis. Since the proportion of hydrogenotrophic methanogens (49.4%, Fig. 5-7) 
is significantly higher than that of hydrogenogenic bacteria (12.2%, Fig 5-9), a possibility is 
that the phylum may play a role in H2 generation. Also significant is an OTU from 
actinobacterial class OPB41 (6.1%, Fig. 5-8). The same class has been identified in coalbed 
methane production wells in rather dominant proportions (up to 30%) together with 
hydrogenotrophic methanogens (Robbins et al., 2016b). This suggests that the organism may 
participate in syntrophic production of H2. In addition, γ-proteobacterial family HTCC2089 
(order HTCC2188) was found at a significant proportion of 5.5% in the aerobic culture (Fig. 
5-8). These oligotrophs have also been identified in plant rhizosphere (Angelo, 2016, 
Yohanna et al., 2016), thus possessing the opportunity to directly or indirectly contribute to 
degradation of organic compounds. 
 
Figure 5-9: A comparison of functional microbial communities between aerobic and anaerobic reactors culture. 
Quantification was carried out on the basis of number of OTUs. Percentage values were calculated by multiplying the ratio 
of the sum of OTUs within a particular functional group to the total number of OTUs of the culture by 100%. Microbes with 
multiple functions are counted separately in different functional groups (i.e. sulphate-reducing bacteria with the ability to 
degrade hydrocarbons are included in both ‘sulphate reduction’ group and ‘ability to degrade higher hydrocarbons or 
found in hydrocarbon degrading consortia’ group. The ‘higher hydrocarbons’ refers to larger molecules (i.e. most of 
compounds found in organic solvent extract of coal such as long chain alkanes and PAHs) rather than small water-soluble 
compounds such as volatile fatty acids and alcohols.     
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5.5.2.5 Pathway for Hydrocarbon Degradation and Recommendations for Application 
The above evidence demonstrate the success of the two-stage process in improving coal 
bioavailability for methanogenesis. A schematic diagram is proposed in Fig. 5-10 for the 
bioconversion pathway. In brief, extracellular enzymes or chelators produced by aerobes (e.g. 
γ-Proteobacteria, Actinobacteria) cleave chemical linkages in coal macromolecules (e.g. 
ether bond, ester bond, metal bridges), forming molecular hydrocarbons. Aerobic degradation 
(e.g. γ-Proteobacteria) enhances conversion of certain recalcitrant compounds in solvent-
extractable matter (e.g. polycyclics) to bioavailable intermediates and biomass. Upon being 
transferred to the anaerobic stage, the pretreatment products are biodegraded via fermentation, 
and nitrate- and sulphate-reducing pathways (e.g. δ-Proteobacteria), producing methanogenic 
precursors, such as H2 and CO2, and acetate. The former are converted to methane by 
hydrogenotrophic methanogens Methanobacteriaceae, while the latter is either used as a 
carbon building block for biosynthesis, or converted to H2 via syntrophic oxidation, indirectly 
contributing to methanogenesis.     
Due to the requirement for aeration and potential environmental issues related to injecting 
microbial cultures underground, application of the process is limited to ex-situ, in which coal 
beneficiation wastes or surface coal may be used as the carbon substrate. The bioavailability 
of coal rejects has been demonstrated by Zheng et al. (2017), justifying the potential. 
Commercialization of the process may be plausible based on the current maximum 
production (~1.95 m
3
/tonne/feeding cycle, Section 5.4.1) but will largely rely on a strong 
natural gas market to warrant the extra infrastructure and operational cost. Further 
improvement in the performance of the process will be desired to increase its 
commercialization potential. Although the technical feasibility of microbial pretreatment is 
confirmed, cyclic patterns in methane production (Fig. 5-2), as well as high sulphate and 
nitrate concentrations in the aerobic reactor, indicate that the system was not operating under 
optimal conditions. Future efforts may seek to optimize parameters such as hydraulic 
retention times, aeration rate, and composition of media that controls the source for sulphate 
and nitrate production. Furthermore, the study failed to maintain any significant fungal 
populations that were purposefully included in the starting inoculum. White-rot fungi, in 
particular, have demonstrated a strong capacity to solubilize and depolymerize low rank coals 
such as lignites (Fakoussa, 1999). However, growth of the fungi was said to be unstable in 
aqueous solutions, and for this reason, they are usually cultured on solid-state media 
(Fakoussa, 1999). Future study may, therefore, be warranted to investigate the feasibility of 
coupling methanogenesis to pretreatment using specifically white-rot fungi grown on an 
appropriate media.    
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Figure 5-10: Pathway proposed for the two-stage process of coal hydrocarbon degradation. Aerobic degradation has 
resulted in slight conversion of kerogen to molecular hydrocarbons (or solvent-extractable matter), and significant 
modification of latter, leading to formation of intermediary products and biomass, which are then converted to 
methanogenic precursors and methane in the anaerobic stage. Example microorganisms involved in each step are annotated 
on the graph. 
5.6 CONCLUSIONS 
1) Pretreatment of a pulverized subbituminous Surat Basin Walloon coal PEN9-003 with 
aerobic microbial consortia has successfully improved biomethane production from the 
coal through subsequent anaerobic digestion. The highest CH4 yield per feeding cycle is 
76.7 µmol/g (~1.95 m
3
/tonne), which is more than twice of the yield from no-
pretreatment control (36.5 µmol/g CH4 per feeding cycle).  
2) Aerobic microbial pretreatment has enhanced degradation of certain recalcitrant 
compounds in solvent-extractable matter, such as long chain n-alkanes and polycyclics, 
showing conversion higher than those in the anaerobic reactor. Aliphatic hydrocarbons 
containing heterogeneous functional moieties appeared to be the most bioavailable groups 
in both aerobic and anaerobic reactors. 
3) Three pathways were proposed for the improvement in coal bioavailability through 
microbial pretreatment: a) enzymatic cleavage of weak linkages (e.g. ether bond, metal 
bridge) in coal macromolecules, forming small molecular fragments; b) conversion of 
molecular hydrocarbons to intermediates (e.g. fatty acids) that are bioavailable to 
methanogenic consortia; and c) conversion of molecular hydrocarbons to cellular biomass 
that can be utilized by methanogenic consortia as carbon substrates.  
4) γ-Proteobacteria, Actinobacteria, and Bacteroidetes are the major hydrocarbon degraders 
in the aerobic reactor. Some members might catalyze decomposition of macromolecules 
via production of extracellular enzymes. The anaerobic community is dominated by 
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hydrogenotrophic methanogens Methanobacteriaceae. H2 is thought be produced from 
hydrocarbon fermentation, as well as syntrophic acetate oxidation, by δ-Proteobacteria 
and Firmicutes. 
5) Sulphate and nitrate were produced from the aerobic reactor to significant concentrations. 
They are alternative electron acceptors for hydrocarbon degradation, capable of inhibiting 
methanogenesis at high concentrations (e.g. in Reactor B). On the other hand, sulphate 
and nitrate reducers may enhance conversion of certain recalcitrant compounds, 
producing acetate that indirectly contributes to methane production.  
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6 SUMMATION AND RECOMMENDATIONS 
6.1 CONCLUSIONS ON COAL BIOAVAILABILITY AND ITS CONTROLLING FACTORS IN THE PROCESS OF 
MICROBIALLY-ENHANCED METHANE PRODUCTION FROM COAL   
Experimental studies in this thesis were established to characterise the bioavailability of coal 
and its controlling factors, followed up by research in chemical and microbial pretreatment of 
coal directed at improving bioavailability for methanogenesis.  Bioassays on a series of 
pulverised Walloon coals (the six PEN9 coals, taken from a single core) with similar thermal 
maturity produced a maximum 33 μmol/g (0.838 m3 / tonne coal) of CH4 within 30 days of 
incubation using exogenous digester sludge culture as the inocula.  
Through chemical analysis, bioavailability of coal was found to be fundamentally associated 
with three parameters – water solubility, solvent extractability, and abundance of 
heterogeneous functional moieties. Water soluble matter, mainly volatile fatty acids and 
alcohols, and to a lesser extent, medium-chain n-alcohols, esters, and amines, were 
completely converted in bioassays, representing the most bioavailable fraction of coal. This is 
followed by the organic solvent-extractable matter or the coal bitumen of which 24.4 – 46.0% 
was degradable. Within coal bitumen, compounds with a higher degree of saturation and 
heterogeneous functional moieties such as hydroxyl and carboxyl groups, and ester, ether and 
carbon-nitrogen bonds constantly showed higher extents of biodegradation. In terms of 
petrographic composition, vitrinite macerals, particularly suberinite, sporinite, and 
lipdodetrinite demonstrated a strong control on the content of solvent-extractable matter. 
They are believed to be a source for generation of the ‘mobile’ molecular compounds in coal. 
On the other hand, porous vitrinite macerals such as telinite, which was deficient in the 
sample (PEN9-034) with high liptinite proportion but low solvent-extractable matter content, 
are believed to be essential for the storage of the ‘mobile’ hydrocarbons.  
The effect of rank on coal bioavailability has not been closely examined in this study due to 
the limitation of samples available. However, Chapter 4 revealed a likely negative impact of 
sufficiently high thermal maturity on coal bioavailability as a result of poor solvent-
extractable matter content, low heterogeneity, and a less degree of saturation using a 
medium-volatile bituminous coal (C.D.) as a high rank reference. Environmental factors such 
as coal seam exposure to microbes-carrying groundwater may also affect coal bioavailability 
in laboratory bioassays. In-situ microorganisms may produce bioavailable intermediates such 
as VFA-As via syntrophic hydrocarbon degradation on one hand, and deplete bioavailable 
compounds in coal on the other hand if a robust microbial community is present for sufficient 
time. The unknown extent of these two competing factors may bring bias to laboratory results 
(e.g. biomethane yield) on coal bioavailability if not taken into account.       
Oxidation of the subbituminous Walloon coal PEN9-003 (with the richest content of solvent-
extractable matter among the six samples) with H2O2 has resulted in a maximum 10-fold 
increase in methane yield (Chapter 4, maximum ~5.68 m
3
/tonne achieved with a H2O2 dosage 
of 39.6 mmol/g over a pretreatment period of 30 days). This was largely due to the boost in 
aqueous solubility of coal, with concentrations of total dissolved organic carbon and acetate 
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increased by 28.2 and 22.3 times, respectively. The pretreatment has also increased the 
bioconversion of solvent-extractable matter by a maximum 29.5%, a result of both formation 
of new oxygenated compounds and enrichment of existing compounds that contain 
heterogeneous functional groups. This is consistent with the chemical characteristics of 
highly bioavailable compounds described in Chapter 3. In contrast, H2O2 oxidation has barely 
affected the aqueous solubility and bioavailability of a medium-volatile bituminous coal, 
indicating a possible recalcitrance of high rank coal to chemical oxidation.  
In addition to oxidants, aerobic microbial pretreatment has also successfully enhanced 
methane production from the subbituminous Walloon coal PEN9-003 by a maximum two 
times (Chapter 5, ~1.95 m
3
/tonne/ 3-day feeding cycle). GC-MS analysis of the solvent 
extract from the aerobic digestate revealed a greatest shift in the contents of compounds with 
heterogeneous functional groups, of which some were enriched and others consumed. This 
was accompanied by significantly higher conversions of n-alkanes and polycyclic 
hydrocarbons in the aerobic stage than the anaerobic, and a decrease in the number of 
detected OTUs (via pyrosequencing) in the anaerobic reactor compared to the aerobic, 
leading to propositions that the improvement in coal bioavailability was achieved via three 
pathways:  1) aerobic microbial conversion of recalcitrant hydrocarbons to bioavailable 
intermediates; 2) aerobic conversion of hydrocarbon to biomass, a potential carbon substrate 
for methanogenesis; and 3) fragmentation of coal macromolecules via extra-cellular enzymes, 
producing small molecular compounds. The first and last hypotheses were further supported 
by the identification of a significant proportion of hydrocarbon degraders with abilities to 
produce extracellular enzymes (e.g. γ-Proteobacteria, Actinobacteria, and Bacteroidetes) in 
the aerobic culture.  
The results proved the technical feasibility of enhancing coal bioavailability via either 
chemical or microbial pretreatment, providing the foundation for further investigation and 
discussion for potential commercialisation pathways.  
6.2 APPLICABILITY OF THE THESIS TO REAL-WORLD PROCESS 
Knowledge of coal bioavailability and its controlling factors has practical significance in 
selecting proper coal seams or existing natural gas wells (e.g. low production or non-
producing) for application of enhancement methods such as biostimulation and 
bioaugmentation. Since the current pilot-scale tests have almost exclusively used 
biostimulation (Ritter et al., 2015), which is relatively moderate and controllable in terms of 
the impact on the environment, conclusions from Chapter 3 on coal bioavailability 
controlling factors can be particularly useful. 
In summary, coal seams that display perhydrous characteristics and a dominance in liptinite 
and vitrinite contents may possess a good potential for biostimulation. There should also not 
be a strong history of biogenic methane production, which implies that the majority of 
bioavailable hydrocarbons are preserved. A closer examination using solvent-extraction may 
be necessary to confirm the content of solvent-extractable matter and heterogeneity of the 
organic structure. Although not substantially addressed in this thesis, a successful application 
of the process is also more likely to occur in low rank coals with thermal maturity at or below 
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subbituminous due to the advantage of a higher degree of saturation and heterogeneity in low 
rank coals (see Section 2.2 and Chapter 4). Nevertheless, extrapolation of laboratory results 
to an in-situ process is not always straightforward, with many confounding factors including 
the differences in surface area (i.e. pulverised vs coal seam), microbial community (i.e. 
exogenous in Chapter 3 vs indigenous), as well as geochemical conditions (e.g. salinity, 
concentration of dissolved coal minerals, temperature) between laboratory and in-situ 
environments. Therefore, additional information such as coalbed permeability, profile of 
indigenous microbial community, and mineral composition of formation water should also be 
considered while evaluating the feasibility of a coal seam for microbially-enhanced coalbed 
methane production.        
In contrast, pretreatment studies in Chapter 4 and 5 are not suitable for in-situ applications 
due to potential environmental impacts on the consequent likelihood of regulatory 
impediments (Ritter et al., 2015). Commercialisation may, however, be realised via ex-situ 
bioreactors, and the use of coal beneficiation waste (Zheng et al., 2017, Opara et al., 2012) or 
surface coals, in order to achieve plausible process economics. No pilot-scale test has yet 
been reported for ex-situ application of pretreatment technologies. Exploitation will, however, 
largely depend on natural gas price which would need to justify the relatively expensive 
infrastructure and operational cost of an ex-situ process.  
Coal pretreatment and microbial conversion to methane may also be of interest in places like 
China, where intensive domestic heating powered by combustion of coal during winter has 
caused serious environmental problems, particularly the persistent dangerous level of PM 2.5 
particulates, and imminent implementation of a cleaner fuel is driven by social requirements 
and supported by policy. An effective method for converting coal to methane will therefore, 
be highly regarded, reducing the stress on the environment, while still making use of the rich 
coal reserves. The regulatory situation may also trigger government subsidy, improving the 
commercial attraction of the ex-situ process.  
6.3 LIMITATIONS OF THE THESIS AND RECOMMENDATIONS FOR FUTURE WORK  
In spite of an improved understanding on coal bioavailability and pretreatment methods, the 
thesis has certain limitations that may affect the applicability of conclusions in this thesis. 
These are summarised below.  
1) Range of coal samples – experimental studies in this this thesis are based primarily on a 
Walloon coal core (the 6 PEN9 samples) sampled from a single borehole but at different 
depths. While these provide a relatively well-controlled sample set (i.e. with ranks being 
similar) it has the disadvantage in providing no strong basis for comparison for features 
such as maceral composition, the effect of rank on bioavailability, which could therefore 
not be investigated. The inclusion of a higher rank C.D. coal in Chapter 4 by itself seems 
insufficient to confirm a negative impact of higher thermal maturity on coal 
bioavailability and chemical reactivity. A larger set of coal samples with a properly 
staged increment in coal rank from subbituminous to medium-volatile bituminous would 
be necessary to provide convincing evidence for the tentative observations in this study, 
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and to illustrate the pattern of change in bioavailability, solvent extractability, and 
composition of solvent extractable matter as coal gains maturity.     
2) Source of microbial community – composition of the microbial community is crucial to 
assessment of coal bioavailability as an ability to degrade certain hydrocarbons may be 
scarce and specific to only a limited number of species. The purpose of using digester 
sludge as a major inocula for bioassay experiments in this thesis was to maximise the 
range and population of microbes available, thereby addressing to a reasonable degree the 
above issue. Nevertheless, the source on which the sludge was grown is domestic waste, 
containing an abundance of nutrients and readily bioavailable carbon substrates. This 
raises a question as to whether the inocula contains a significant proportion of organisms 
suitable for recalcitrant hydrocarbon degradation that can, to the maximum extent, reflect 
the biodegradability of coal. The difference in the community composition of digester 
sludge and coal seam indigenous microbial consortia (which may vary by location) may 
also bias the applicability of conclusions in this thesis to field production, unless 
bioaugmentation is permitted, which might raise some environmental concerns. A 
pertinent characterisation may require coal to be treated with the relevant indigenous 
microbial consortia. However the significance of such a result to samples from other coal 
seams or locations may be low due to a potential difference in the microbial community, 
i.e. subjected to source of microbes and geochemical conditions.  
3) Bias from laboratory conditions – coal samples examined in this thesis were pulverised 
particles from a particular size fraction. This would not only boost the surface area and 
accessibility of coal hydrocarbons, but also result in a different maceral composition to 
that of the coal seam due to a variance in brittleness of the macerals (Section 3.5.1). 
Although conclusions based on maceral composition will not be affected, direct 
extrapolation of the results to the field requires care. Experiments might be done with 
coal particles from different size fractions combined according to weighted proportions, 
though almost whatever method is adopted there will always be some artificial effects 
introduced. 
4) The use of GC-MS for profiling the solvent-extractable matter and the method for 
compound identification – due to the difference in molecular size, polarity, and volatility, 
some compound may be less amenable to GC-MS than others. This might, to some extent, 
bias the relative abundance of compounds detected in the solvent-extractable matter. The 
sole dependence on GC-MS peak intensity and the lack of internal standard may also 
make quantification more susceptible to errors during sample handling. Compound 
identification relies heavily on MS library and manual matching against NIST database. 
Whilst the authors assured that the identification was carried out to the best of their 
abilities, factors such as the relatively low resolution of single quadrupole MS, the 
relatively low sensitivity of TIC method in quantification (compared to the Selected Ion 
Monitoring method which is used for known compounds), the lack of comprehensive 
sample preparation / pre-separation procedures (and therefore the chance of co-elution), 
and lack of standards may, to some extent, compromise the confidence of compound 
identifications on the detailed level (i.e. isomers). The fact that only compounds with 
matching similarity greater than 60% were reported might have also led to a degree of 
deviation of the reported composition from the actual. There is a trade-off between the 
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ratio of compounds reported versus those detected and the accuracy of identification. 
Improvement requires a higher capacity analytical instrument and a more refined 
analytical method (for future study).    
Based on the technical potential revealed in this thesis for microbially-enhanced methane 
production from coal, future research is warranted for a further examination of the research 
gaps (Section 2.8) and analysis of commercialisation options. A list of recommendations is 
hereby provided in addition to those described above.  
1) Explore an effective way to reduce the resistance in the mass transfer of hydrocarbons 
from coal to aqueous media – The low rate of mass transfer of coal hydrocarbons to water 
has been identified as a major constraint for the microbial process (Chapter 2). While 
exploring a cost-effective surfactant can be helpful, ex-situ process may also utilise 
solvent-extraction to recover hydrocarbons instead of relying on the slow diffusional 
mass transfer. The microbial process may then be established as an additional operation to 
the extraction upon removal of the solvent which can be recycled for the next round of 
extraction. Further research may be necessary to investigate the benefit of the method on 
methane yield and production rate against the additional cost. 
2) Characterise the effect of thermal maturation on the content and composition of solvent-
extractable matter, and its consequence on coal bioavailability – the change in content of 
solvent-extractable matter can provide a more fundamental explanation for the effect of 
rank on coal bioavailability. A larger spectrum of coal samples is required for this 
purpose.  
3) Further investigate effective methods for enhancement of kerogen decomposition – H2O2 
oxidation and aerobic microbial pretreatment of subbituminous coal (PEN9-003) has 
shown signs of macromolecule decomposition (Chapter 4 and 5). Further research may be 
directed to find the optimal concentration of oxidants that yields the best cost-
effectiveness for the process. Other factors such as strength of UV light, agitation of 
reaction mixture, and addition of mediators (e.g. Fe
2+
 for form Fenton’s reagent) may also 
be investigated for improvement of reaction rate. Besides that, chemical oxidation may 
follow the design of microbial pretreatment in Chapter 5, using digestate from the 
anaerobic reactor as the feed for pretreatment, maximising the exposure of recalcitrant 
material while minimising the loss of bioavailable compounds. On the other hand, 
microbial pretreatment may be more specifically-targeted, focusing on particular 
organisms with known abilities to depolymerise coal macromolecules (e.g. white-rot 
fungi).     
4) Use alternative analytical methods in complementary with GC-MS for solvent-extractable 
matter profiling – knowing the limitation of GC-MS analysis, additional analytical 
techniques such as LC-MS, FT-IR may be employed simultaneously to improve the 
comprehensiveness and accuracy of the solvent-extractable matter composition. Internal 
standards (e.g. paraffin standards) of known concentration may be added to samples as a 
reference for quantification.   
5) Conduct more refined compound identification – Compound identification in this thesis 
provides a basic scan of solvent-extractable organic matter in the investigated coal 
samples. Future studies could narrow down the scope and focus on particular compound 
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groups that demonstrate the highest bioavailability (e.g. fatty acids and esters, 
heterogeneous compounds). A more comprehensive sample preparation and solvent 
extraction method should be developed to capture only the compounds of interest. The 
samples may be tested in a higher-capacity MS (e.g. Triple Quadrupole, Orbitrap) 
together with standards of several most abundant / most bioavailable compounds for 
verification and quantification.  
6) Use coal rejects for pretreatment – since both chemical and microbial pretreatment are 
feasible when applied ex-situ, coal rejects may be used instead of coal, potentially 
improving the process economics and practical significance. 
7) Process design and costing – pilot scale testing needs to be established to examine and 
verify the applicability of laboratory results to a process in industry. A detailed process 
design and costing is also necessary in order to fully assess the feasibility of the 
pretreatment methods.   
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8 APPENDIX 
8.1 APPENDIX 1: MASS BALANCE CALCULATIONS IN SECTION 2.5.1 
General balance equation: 
CH0.8O0.15N0.02S0.01 + YwH2O + YaCHeOfNgSh → YbCHiOjNkSl + YmCH4 + YcCO2 
Where Yw, Ya, Yb, Ym, and Yc are moles of C-equivalent of compounds per C-equivalent of 
coal.  
Assumptions:  
1) Coal contains an average 7% moisture and 15% ash (based on proximate analysis 
result excluding PEN_024). The d.a.f. mass of coal is therefore 77% of raw mass. 
2) TES buffer is not bioavailable to microorganisms 
Calculations: 
Define γ as available electrons per C-equivalent of compound, 
γf  = 4.5 for subbituminous coal (Graham, 1991), γb = 4.4 generally consistent across different 
species (Graham, 1991), γm = 8, γc = 0, γw = 0, γNH4+ = 8, where subscripts f = fuel (coal), b = 
biomass, m = methane, c = CO2, w= water,  
The majority of N, S and P supplied in Tanner medium comes from mineral solution. The 
concentrations of vitamins are much lower (~1/1000) in comparison and are therefore 
neglected for calculation. 
H in water, C in CO2 and S and P in auxiliary nutrients of Tanner medium all occur in the 
most oxidised form, therefore no electrons are available for transfer. As such, γa = γNH4+ = 8, 
where subscript a = auxiliary nutrients in Tanner medium. 
Concentration of NH4
+
 in Tanner medium is given below (Tanner, 2007):     
 [NH4
+
] = 0.34g/L = 0.34g/25g coal  
            = (0.34/18)mol / [(1-0.23)*25/(12+0.8+0.15*16+0.02*14+0.01*32)]mol = 0.0155 
mol/mol C 
Therefore, Ya = 0.0155,  
Electron balance: γf  + 0.0155 γa = Ybγb + Ymγm + Ycγc 
4.5 + 0.0155*8 = 4.4Yb + 8Ym 
4.624=4.4Yb + 8Ym 
Carbon balance: 1 + Ya = Yb + Ym + Yc,  therefore, Yc = 1 + 0.0155 - Yb - Ym = 1.0155 - Yb - 
Ym 
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8.2 APPENDIX 2: MAJOR SOLVENT EXTRACTABLE COMPOUNDS (WITH AVERAGE PROPORTIONS  > 
0.5% OF TOTAL PEAK INTENSITY) AND THEIR BIOCONVERSION IN THE 6 PEN9 COALS.   
 
Compound class Compound Formula Avg. 
elim. 
Stdv. Soluble 
solvents 
Acyclic Alcohols 
  
     
  
  
  
  
  
1-Decanol C10H22O 1 0 W, M 
1-Undecanol C11H24O 1 0 W, M 
1-Dodecanol C12H36O 1 0 W, M 
1-Tridecanol C13H28O 1 0 W, M 
1-Pentadecanol C15H33O 1 0 W, M 
1-Heptadecanol C17H36O 1 0 W, M 
1-Nonadecanol C19H40O 1 0 W, M 
1-Eicosanol C20H42O 1 0 W, M 
Acyclic Esters Propenoic aicd,2-methyl-,2-ethyl-3-
hydroxy hexyl ester 
C12H24O3 0.869 0.096 W, M 
Methyl tetradecanoate C15H30O2 0.817 0.131 W, M 
2-Propanoic acid, tridecyl ester C16H30O2 0.556 0.129 W, M, 
D 
Ethyl 9-tetradecenoate C16H30O2 0.986 0.010 W, M 
Pentadecanoic acid, methyl ester C16H32O2 0.809 0.050 W, M 
2-Ethylhexyl 2-ethylhexanoate C16H32O2 0.970 N.A. W, M 
Hexadecanoid acid, methyl ester C17H34O2 0.905 0.052 W, M, 
D 
9-Hexadecenoic acid, methyl 
ester,(Z)- 
C17H32O2 0.667 0.187 W, M 
Heptadecanoic acid, methyl ester C18H36O2 0.220 N.A. W, M 
Ethyl 9-hexadecenoate C18H34O2 0.838 0.042 W, M 
Hexadecanoic acid, 14-methyl, 
methyl ester 
C18H36O2 0.182 N.A. W, M 
9-Octadecenoic acid, methyl ester, 
(E)- 
C19H36O2 0.876 0.108 W, M, 
D 
Octadecanoic acid, methyl ester C19H38O2 0.976 0.045 W, M 
Ethyl (Z)-octadec-9-enoate C20H38O2 0.982 0.000 W, M 
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Compound class Compound Formula Avg. 
elim. 
Stdv. Soluble 
solvents 
Octadecanoic acid, 1-methylethyl 
ester 
C21H42O2 0.993 N.A. W, M 
Hexanedioic acid, bis(2-ethylhexyl) 
ester 
C22H42O4 0.441 0.030 W, M 
Tetracosanoic acid, methyl ester C25H50O2 0.639 0.026 W, M 
Acyclic Alkanes n-Heptadecane C17H36 0.262 0.056 M, D 
n-Eicosane C20H42 0.303 0.077 M, D 
n-Heneicosane C21H44 0.237 0.085 M, D 
n-Docosane C22H46 0.308 0.041 M, D 
n-Tricosane C23H48 0.291 0.055 M, D 
n-Tetracosane C24H50 0.275 0.022 M, D 
n-Pentacosane C25H52 0.040 0.097 M, D 
n-Hexacosane C26H54 0.295 0.073 M, D 
n-Heptacosane C27H56 0.295 0.041 M, D 
n-Octacosane C28H58 0.086 0.033 M, D 
n-Nonacosane C29H60 0.133 0.048 M, D 
Pristane C19H40 0.165 0.026 M, D 
Phytane C20H42 0.163 0.014 M, D 
Acyclic Ethers Oxirane, [(dedecyloxy)methyl]- C15H30O2 0.718 0.126 M, D 
Oxirane, heptadecyl- C19H38O 0.554 N.A. D 
Oxirane, [(hexadecyloxy)methyl]- C19H38O2 0.336 N.A. D 
Polycyclic Aliphatic 
Hydrocarbons 
18-Norabietane C19H34 0.147 0.063 D 
Phenanthrene,7-ethenyl-
1,2,3,4,4a,4b,5,6,7,8,8a,9-
dodecahydro-1,1,4b,7-tetramethyl-
,[4aS-
(4a,alpha.,4b.beta.,7.alpha.,8a.alpha)]- 
C20H32 0.230 N.A. D 
17.alfa.21.beta.-28,30-Bisnorhopane C28H48 0.122 0.052 M, D 
Muurolane-B C15H28 0.123 N.A. D 
4a,trans-4b,cis-8a,trans-10a-
Perhydro-cis-2,4b,8,8-tetramethyl-
trans-2,10a-ethanophenanthren-12-
one 
C20H32O 0.220 N.A. D 
5.alpha.,17.alpha.-Pregnan-12-one C21H34O 0.218 0.072 M, D 
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Compound class Compound Formula Avg. 
elim. 
Stdv. Soluble 
solvents 
Al amine 1-Dodecanamine,N,N-dimethyl- C14H31N 0.770 N.A. W, M 
Heterocyclics Thiophene,2,5-bis(1,1,3,3-
tetramethylbutyl)- 
C20H36S 0.057 0.025 M, D 
Dibenzofuran C12H8O 0.255 0.058 M, D 
10H-Benzo[b][1,8]naphthyridin-5-
one,7-ethyl-2,4-dimethyl- 
C16H16N2O 0.326 0.053 M, D 
2-Pyridinepropanamide, N-phenyl- C14H14N2O 0.288 N.A. M 
Monocyclic 
Aromatic 
Hydrocarbons 
Benzenepropanoic acid,3,5-bis(1,1-
dimethylethyl)-4-hydrox 
C18H28O3 0.883 0.148 W, M 
1-(3-Methylbutyl)-2,3,6-
trimethylbenzene 
C14H22 0.086 N.A. M, D 
Benzene, (1-methylundecyl)- C18H30 0.324 0.067 M, D 
Benzene, (1-pentyloctyl)- C19H32 0.302 0.312 M, D 
Benzene, (1-butylnonyl)- C19H32 0.142 0.043 M, D 
Benzene, (1-propyldecyl)- C19H32 0.075 0.048 M, D 
Benzene, (1-methyldodecyl)- C19H32 0.206 0.042 M, D 
benzene, (1-methyltridecyl)- C20H34 0.260 0.019 M, D 
4,4'-Diacetyldiphenylmethane C17H16O2 0.152 0.048 M, D 
1,5,6,7-Tetramethyl-3-
phenylbicyclo[3.2.1]hepta-2,6-diene 
C17H20 0.044 0.027 M, D 
4,4'-Diisopropylbiphenyl C18H22 0.136 0.031 M, D 
1,1'-Biphenyl,3-methyl- C13H12 0.225 0.030 M, D 
1,1'-Biphenyl,2,2',5,5'-tetramethyl- C16H18 0.146 N.A. M 
Benzene,1,1'ethylidenebis[3,4-
dimethyl]- 
C18H22 0.073 N.A. M 
Benzene,1,1'-ethylidenebis[4-ethyl]- C18H22 0.098 N.A. M 
[1,1'-Biphenyl]-4-amine C12H11N 0.368 0.054 D 
Polycyclic Aromatic 
Hydrocarbons 
Naphthalene, 7-butyl-1-hexyl- C20H28 0.084 0.049 M, D 
 Naphthalene,1,6-dimethyl-4-(1-
methylethyl)- 
C15H18 0.168 N.A. M, D 
 10,18-Bisnorabieta-5,7,9(10,11,13-
pentaene 
C18H22 0.103 0.078 M, D 
 1,4,5,8-Tetramethylnaphthalene C14H16 0.155 0.029 M, D 
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Compound class Compound Formula Avg. 
elim. 
Stdv. Soluble 
solvents 
 Retene C18H18 0.056 0.040 M, D 
 8-Isopropyl-1,3-
dimethylphenanthrene 
C19H20 0.145 N.A. D 
 Cyclopent[a]indene,3,8-dihydro-
1,2,3,3,8,8-hexamethyl- 
C18H22 0.063 0.072 M, D 
Cyclic Aliphatic 
Hydrocarbons Fused 
to Benzene Rings 
4b,8-Dimethyl-2-
isopropylphenanthrene, 
4b,5,6,7,8,81,9,10-octahydro- 
C19H28 0.194 0.003 M, D 
1-Methyl-10,18-bisnorabieta-8,11,13-
triene 
C19H28 0.176 0.043 D 
7-Isopropyl-1,1,4a-trimethyl-
1,2,3,4,4a,9,10,10a-
octahydrophenanthrene 
C20H30 0.064 0.022 D 
Dehydroabietylamine C20H31N 0.519 0.023 M, D 
3-Phenanthrenol,4b,5,6,7,8,8a,9,10-
octahydro-4b,8,8-trimethyl-,(4bS-
trans)- 
C17H24O 0.361 N.A. D 
7-Acetyl-6-ethyl-1,1,4,4-
tetramethyltetralin 
C18H26O 0.151 0.042 M, D 
 
 
